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PREFACE 

The paper contained i n  t h i s  report was  prepared as an invited contri- 

bution t o  be presented at the Section of Mathematical Methods i n  the E a r t h ,  

Sciences of the "Mining Hfbram i n  Science and Technics, 1970'' t o  be held 

i n  P%bram, Czechoslovakia i n  October 1970. 

of Germany i s  used by way of i l lus t ra t ion  the subject matter i s  general 

and applicable t o  sampling any l i t h i c  unit at the lithosphere-atmosphere 

Although the Malsburg Granite 

interface. 

the  present NASA research grant. The m i n  thrust  of the research grant has 

been exploration of the interface between remote sensing methods and ground 

t ruth.  

potential  remote-sensor users of the problems involved i n  establishing ground 

t ru th  by t radi t ional  methods. 

It has direct  and particular bearing on the subject-matter of 

Over the past f ive years repeated effor ts  have been made t o  convince 

It i s  hoped that this detailed analysis of 

a data set for  a single l i t h i c  unit may'serve t o  convince the remote-sensing 

community of the importance of the geological and s t a t i s t i c a l  sampling pro- 

blems - problems which have been essentially ignored, despite our repeated 

attempts t o  place e q h a s i s  upon them. 

scient i f ic  report under this grant t o  emphasize some of the more important 

conclusions of the continuing Northwestern team's e f for t .  

T h i s  seems t o  be a f i t t i n g  f i n a l  
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ABSTRACT 

I n  a cont inuing at tempt  t o  eva lua te  how t h e  three-dimensional 

composition and v a r i a b i l i t y  of rock u n i t s  can be assessed  co r rec t ly ,  

t h i s  paper focuses on cr i t ical  sampling problems involved. The 

compositional v a r i a b i l i t y  and zonation of t he  Malsburg Grani te  (S. W. 

Germany) has a l ready  received considerable  a t t e n t i o n  on t h e  b a s i s  of 

l a r g e  numbers of  modes (Rein, 1961), a l k a l i  analyses  (Mehnert and 

W i l l g a l l i s ,  1961), and analyses  of 8 elements (Hahn-Weinheimer and 

Ackermann, 1967).  New analyses  f o r  10 major oxides are presented f o r  

37 l o c a l i t i e s  used by the previous workers. 

r e s i d u a l s  from polynomial t rend  su r faces  based on 110 a l k a l i  analyses  

(Whitten, 1962) can now be  explained, i n  p a r t ,  by many f a c t o r s  o the r  

than s i g n i f i c a n t  l o c a l  geological. v a r i a b i l i t y .  The unique assemblage 

The au tocor re l a t ion  of 

of independent sets of analyses  permits  eva lua t ion  of t h e  sampling 

problems, and t h e  d i f f e r e n t  methods of assess ing  t h e  three-dimensional 

v a r i a b i l i t y  of t h e  g r a n i t e  m a s s .  Previously-published zonal maps are 

t e s t e d  wi th  discr iminant  ana lys i s .  It  is concluded t h a t  Q-mode f a c t o r  

ana lys i s  maps provide t h e  b e s t  a v a i l a b l e  method of mapping zones i n  a 

g ran i t e ;  t h i s  r e s u l t s ,  i n  p a r t ,  from t h e  simultaneous use of numerous 

va r i ab le s .  



INTRODUCTION 

The general  a v a i l a b i l i t y  of computers has permitted a number of q u a n t i t a t i v e  

and mathematical techniques t o  be appl ied t o  many a spec t s  of economic geology and 

t o  the  pe t ro log ica l  and petrographical  study of ind iv idua l  rock complexes. Th3s 

i s  a s i g n i f i c a n t  advance f o r  geology i f ,  as has been suggested (Gr i f f i t h s ,  1962, 

p. 565), "Progress i n  s c i e n t i f i c  i nves t iga t ion  i n  any spec ia l ized  f i e l d  is 

genera l ly  measured by the degree t o  which the  subjec t  i s  pervaded by mathematics." 

However, the  value of t h i s  technology depends upon the  q u a l i t y  and s ign i f i cance  

of t h e  da t a  used f o r  t he  mathematical analyses .  

Provided t h a t  the  three-dimensional d i s t r i b u t i o n  of mineralogical  and 

chemical components i s  known, i t  should be r e a l i s t i c  t o  develop conceptual 

pe t rogenet ic  models f o r  l i t h i c  u n i t s .  When at tempting to  def ine  the  bes t  

mathematical model f o r  a p a r t i c u l a r  ear th-science problem, i t  is  becoming standard 

p rac t i ce  t o  approximate the  a v a i l a b l e  q u a n t i t a t i v e  and q u a l i t a t i v e  da t a  with the 

bes t  cu r ren t  model and then t o  examine c r i t i c a l l y  both the  f i t  and the  anomalous 

departures  of the  observed data from the  model es t imates .  In de t e rmin i s t i c  

s i t u a t i o n s  the  anomalies are l i k e l y  t o  be minor. In  geological  contexts,  however, 

the  devia t ions  commonly account f o r  l a rge  and s i g n i f i c a n t  proportions of the  

t o t a l  observed v a r i a b i l i t y .  

the  problem, bu t  t he  m o d e l  is inadequate, successive modif icat ions should achieve 

progress ive ly  more e f f i c i e n t  models; a t  each i t e r a t i o n ,  c r i t i c a l  r eappra i sa l  of 

anomalous samples can be expected t o  give considerable  i n s i g h t  i n t o  the  na ture  and 

s ign i f i cance  of minor geological  f ea tu re s  t h a t  are l a r g e l y  masked by the  regional  

pa t  terns of v a r i a b i l i t y  . 
Unfortunately, the  general  a v a i l a b i l i t y  of numerous curnputer-based techniques 

I f  the  da ta  are wholly adequate and appropr ia te  t o  

f o r  manipulating and analyzing da ta  has tended t o  d i s t r a c t  a t t e n t i o n  from the  

na ture  and meaning of the  o r i g i n a l  da ta .  

been obtained, i t  is not  unusual t o  a s s o c i a t e  with i t  a subjec t ive  f e e l i n g  of 

When an  a r r a y  of numerical values has 
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accuracy and cor rec tness  (espec ia l ly  a f t e r  i t  has been processed and transformed 

i n t o  a new t abu la r  o r  map format), t h a t  may be wholly unwarranted. 

it is  d i f f i c u l t  o r  impossible t o  evaluate  the  geological  s ign i f i cance  of ava i l ab le  

data ,  al though the  geologis t  i s  commonly tempted t o  ex t r apo la t e  and/or i n t e rpo la t e  

on the  bas i s  of a v a i l a b l e  numerical values.  In doing t h i s ,  s t a t i s t i c a l  techniques 

are f requent ly  used a f t e r  c o l l e c t i o n  of da t a  i n  an e s s e n t i a l l y  a r b i t r a r y  manner; 

a t  bes t ,  t h i s  tends t o  be i n e f f i c i e n t  and, a t  worst, i t  i s  completely i n e f f e c t i v e  

(cf., Gri f f i t h s ,  1962, p. 567). 

Frequently, 

Analy t ica l  da t a  are developed f o r  specimens co l l ec t ed  from a sampled 

population but, i n  almost a l l  geological  s i t u a t i o n s ,  such observations do no t  

permit s ta t i s t ica l  inferences t o  be made about the  t a r g e t  population (Whitten, 

1961). The numerous cu r ren t  s t a t i s t i c a l  techniques can be used t o  analyze a da ta  

set f u l l y  and confidence l eve l s  can be assoc ia ted  with statements about the  da t a .  

It may a l s o  be poss ib le  t o  make meaningful geological  statements about the t a r g e t  

population of i n t e r e s t  on the  b a s i s  of the  sampled-population data ,  bu t  such 

statements must r e l y  on geological  i n t e rp re t a t ion ,  r a t h e r  than on s t a t i s t i c a l  

inference.  Despite t h i s  inherent  l imi t a t ion ,  i t  has became common p r a c t i c e  t o  

erect pe t rogenet ic  and/or econumic hypotheses on the  b a s i s  of a l imi ted  da ta  s e t  

i n  the  course of rou t ine  petrographic  s t u d i e s .  The r a w  quan t i t a t ive  da ta  f o r  

g r a n i t i c  complexes, f o r  example, a r e  r e l a t i v e l y  d i f f i c u l t  and/or expensive t o  

obta in .  

ana lys i s  and the  demonstration t h a t  abundant very accura te  and p rec i se  da t a  can 

be obtained (e.&., Baird, e t  a l . ,  1967, Chappell, 1966, Rhodes, 1970), f o r  

Despite t he  a v a i l a b i l i t y  of the  so-cal led rap id  methods of chemical 

economic reasons most geologis t s  are s t i l l  obliged t o  r e l y  on a l imi ted  number of 

a n a l y t i c a l  r e s u l t s .  

In  a few petrographic  s tud ie s ,  very d e t a i l e d  sampling and a n a l y t i c a l  programs 

have permitted real is t ic  models t o  be e rec ted  f o r  t h e  t a r g e t  population. 

cases ,  however, very l imi ted  information i s  ava i l ab le  about the l e v e l s  of variance 

In most 
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of each of the  seve ra l  hundred va r i ab le s  t h a t  could be measured. Because d i f f e r e n t  

va r i ab le s  i n  a p a r t i c u l a r  l i t h i c  u n i t  tend t o  have d i s s i m i l a r  l e v e l s  of variance, 

d i f f e r e n t  sampling plans may be needed t o  e s t a b l i s h  ( t o  the  same degree of 

confidence) t he  v a r i a b i l i t y  p a t t e r n  of each va r i ab le .  Hence, it becomes very ' 

d i f f i c u l t ,  i f  no t  impossible, t o  determine whether the  apparent p a t t e r n  

(es tab l i shed  on the b a s i s  of ava i l ab le  da t a  f o r  a l i t h i c  u n i t )  and/or any 

anomalies with r e spec t  t o  a p a r t i c u l a r  model, r e f l e c t  e r r o r s  or  sampling and/or 

a n a l y t i c a l  inadequacies. Apparent anomalies could ind ica t e  an inadequate model 

r equ i r ing  modif icat ion,  o r  t h a t  the  a n a l y t i c a l  da ta  f o r  the  sampled population are 

an  inadequate source of information about the  t a r g e t  population of i n t e r e s t .  

An example is appropr ia te .  In  cons t ruc t ing  a t rend-surface map for ,  say, 

modal quartz  percentage i n  50 g ran i t e  samples, the  sum of squares reduct ion 

(poss ib ly  t e s t e d  with a F test)  and a confidence band may ind ica t e  a very 'good' 

su r f ace  f o r  descr ib ing  the d a t a  set. Despite the  apparent ly-excel lent  s ta t is t ical  

tests, the  su r face  could be a wholly misleading desc r ip to r  of the  t a r g e t  population; 

such a s i t u a t i o n  could arise i f  each mode w e r e  based on a s ingle ,  s m a l l  t h i n  

sec t ion  of samples co l l ec t ed  from a g r a n i t e  mass seen t o  be heterogeneous i n  

outcrop, where the geologis t  has defined the  t a r g e t  population a s  a l l  of the  3 rn? 

u n i t  areas t h a t  comprise the  mapped sur face  a rea  of the  g ran i t e .  Stat is t ical  

manipulation cannot transform inappropriate  d a t a  i n t o  a t rue  image of the  t a r g e t  

population. Where the  same samples have been used f o r  measuring d i f f e r e n t  

var iab les ,  the  s ign i f i cance  of t he  values f o r  each va r i ab le  w i l l ,  i n  general ,  be 

d i s s i m i l a r  because i n  samples of a given s i z e  the  var iance of each va r i ab le  tends 

t o  be d i f f e r e n t .  Commonly, inadequate d a t a  are d i f f i c u l t  to  evaluate  and 

acknowledge. 

In most geological  s t u d i e s  r e p l i c a t e  sets of both samples and a n a l y t i c a l  da t a  

are noc ava i l ab le .  However, continuing study of the Malsburg Grani te  i n  the  

southern Black Forest ,  SW. Germany, has provided seve ra l  sets of 
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independently-derived da ta .  Each set could, i n  c m o n  usage, be the  b a s i s  of 

petrographic  desc r ip t ion  and of pe t rogenet ic  models. 

c r i t i c i s m  of the  r e s u l t s  a l ready  published, it is  intended t o  draw a t t e n t i o n  t o  

the  d i s s i m i l a r i t y  of these "apparently-adequate" sets of da t a  and t o  the  inhe ten t  

d i f f i c u l t y  of us ing  any one of them as a b a s i s  f o r  t e s t i n g  pe t rogenet ic  models. 

Such a d iscuss ion  of the sampling and/or a n a l y t i c a l  problems inherent  i n  a l l ,  or  

some, of the  sets of analyses  could be discouraging. However, more pos i t i ve  

conclusions should be drawn. F i r s t ,  p e t r o l o g i s t s  must use extreme caut ion i n  

basing conclusions on numerical da t a  f o r  which f u l l  information on (a) the  

s ta t i s t ica l  bases of the  sampling plan and (b) the  l e v e l s  of var iance f o r  each 

var iab le ,  are not  ava i l ab le .  Second, s t a t i s t i c a l l y - a d e q u a t e  sampling procedures 

are a p r e r e q u i s i t e  t o  s c i e n t i f i c  s tudy of rock u n i t s .  

intended t o  draw a t t e n t i o n  t o  some of the  problems t h a t  arise when t h i s  type of 

information is  not  ava i l ab le .  It is hoped t h a t  t h i s  w i l l  serve as a challenge t o  

petrographers t o  develop and incorporate  adequate sampling methods i n  the  study 

of rock u n i t s  when it is  des i red  t o  obta in  the answer r a t h e r  than an answer. 

Without i n  any way implying 

In  t h i s  paper, i t  is  

Fina l ly ,  it i s  concluded t h a t  maps based i n  mul t iva r i a t e  Q-mode f a c t o r  

ana lys i s  can por t ray  the  s p a t i a l  v a r i a b i l i t y  of a g r a n i t e  more r e a l i s t i c a l l y  than 

maps showing the  reg iona l  and l o c a l  v a r i a b i l i t y  of ind iv idua l  va r i ab le s .  Although 

having a general  resemblance t o  the  published models f o r  the  Malsburg Granite,  the 

Q-mode maps show s i g n i f i c a n t  d i f f e rences  t h a t  w i l l  be important i n  any 

pe t rogenet ic  study of the  cmplex .  

AVAILABLE DATA FOR THE MAISBURG GRANITE 

The petrography and petrogenesis  of t he  Malsburg Granite has received 

considerable  a t t e n t i o n  i n  the  pas t  (=.g., Schrzder, 1929; Mehnert and Wi l lga l l i s ,  

1957; Zimmerle, 1958; Mehnert, 1963). Mehnert (1960) and Mehnert and W i l l g a l l i s  

(1961) published K20 and Na20 weight percentage values  and geographical gr id  



- 5- 

loca t ions  f o r  120 samples of the  g ran i t e  and Whitten (1962; 1963) used polynomial 

t rend-surface a n a l y s i s  t o  eva lua te  the  three-dimensional s p a t i a l  v a r i a b i l i t y  of 

these valuable  da ta .  

analyses  f o r  16 l o c a l i t f e s  and thorium plus  uranium r a d i a t i o n  values f o r  these and 

f o r  47 a d d i t i o n a l  sites. An exce l l en t  series of d e t a i l e d  m o d a l  v a r i a t i o n  maps 

based on micrometric analyses  w a s  given by Rein (1955, 1961); most of h i s  specimens 

were co l l ec t ed  from the  same l o c a l i t i e s  as those used by Mehnert and W i l l g a l l i s  

(1961). 

Le ib le  (1959) had earlier published t h o r i m  and uranium 

Hahn-Weinheimer and Ackermann (1963) used X-ray f luorescence analyses  t o  

estimate the l o c a l  heterogenei ty  of K and T i  weight percentages, and of Z r ,  P, Sr ,  

Bay  and Rb p.p.m. i n  the  Malsburg Granite.  On the bas i s  of samples from 90 of 

Mehnert and W i l l g a l l i s '  (1961) and Rein 's  (1961) l o c a l i t i e s ,  Hahn-Weinheimer and 

Ackermann (1967) prepared maps of equal concentrat ion of these same elements and 

f o r  N a  weight percentage (determined by neutron a c t i v a t i o n  ana lys i s ) .  

The polynomial regress ion  model (Whitten, 1962) revealed marked au tocor re l a t ion  

of the  deviation's (Fig. 1). The l i n e a r  bands of pos i t i ve  and negat ive devia t ions  

r a i s e d  the ques t ion  of whether d i s t i n c t  l o c a l  geological  fea tures  occur i n  the  

g r a n i t e  and account f o r  the  depar tures  of the  observed alkali  values from the 

computed model; the  pa t t e rns  are reminiscent of the  pal impsest ic  ghost s t r a t ig raphy  

descr ibed i n  the  "older gran i te"  of Donegal (Whitten, 1960). However, when the  

maps f o r  the  Malsburg Grani te  were published, no attempt had been made t o  re-examine 

the  anomalous sample l o c a l i t i e s  i n  the  f i e l d .  The present  research was o r i g i n a l l y  

aimed a t  determining the  s ign i f i cance  of t hese  devia t ion  pa t t e rns .  In  1962, t he  

p re sen t  author  co l l ec t ed  specimens from many of the l o c a l i t i e s  def ined by Mehnert 

and W i l l g a l l i s  (1961) and Rein (1961); emphasis was placed on l o c a l i t i e s  t h a t  

de f ine  the devia t ions  shown i n  Figure 1. The ten major oxides and s p e c i f i c  grav i ty  

w e r e  determined f o r  samples from 37 of these  l o c a l i t i e s ;  the  analyses  (Table 1 )  

have not been published previously.  



1. Manual contours for  pos i t ive  deviat ions frm the degree 3 polynomial trend 

stirfaces computed for 110 K20 and Na20 weight percentage analyses of 

Mtilsburg Granite samples published by Mehnert and W i l l g a l l i s  (1961); the 

s i m p l e  numbers are those used by Rein (1961), Mehnert and W i l l g a l l i s  (1961), 

rrncl throughout t h i s  paper. Contours a t  0, 0.1,  0 .3 ,  and 0 .5  per cent .  



Table 1.--New chemical analvses and noms far the Malsburp. Granite (plus a lka l i  values from Nehnert and Wil lgal l is  and modes same loca l i t i e s l .  

In local i ty  number prefix R mplies  replicate analysis of certain oxides by same analyst; su f f ix  D implies complete sample analyzed under coded number unhanr to analytical laboratory. 

‘Analyst: Kazuo Masuzawa; ‘Analyst: Shirou Imai; 3Analyst: Tadashi Asari; 4Analyst: Hiroshi Asari 

I 
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Avai lable  a n a l y t i c a l  da t a  f o r  the Malsburg Grani te  i s  unique. Because the  

g ran i t e  outcrops i n  an area of considerable  r e l i e f ,  s i g n i f i c a n t  advantages stem 

from consider ing the  three-dimensional, i n  add i t ion  t o  the geographical, v a r i a b i l i t y .  

Modal analyses  (Rein), t h ree  independent sets of p a r t i a l  chemical analyses  (Mehnert 

and Wi l lga l l i s ,  Hahn-Weinheimer and Ackermann, and Whitten), and norms and s p e c i f i c  

g rav i ty  values (Whitten) are a l l  a v a i l a b l e  f o r  the  same 37 gr id  loca t ions .  

da t a  permit i n t e r e s t i n g  camparisons t o  be made. A s  with da t a  i n  most published 

These 

petrographic  s tud ies ,  there  i s  l i t t l e  a l t e r n a t i v e  t o  g iv ing  equal s ign i f i cance  and 

a u t h e n t i c i t y  t o  each a n a l y t i c a l  value, un less  the  actual sample si tes can be 

v i s i t e d  by the  reader .  The Malsburg Granite sample sites are probably not  unique 

i n  having d i s t i n c t  d i s s i m i l a r i t i e s  (as descr ibed i n  a la ter  sec t ion ) .  

Nm CHEMICAL ANALYSES 

The Malsburg Grani te  i s  poorly exposed; much of t he  outcrop area i s  open 

pas to ra l  o r  a r a b l e  land and p a r t  is fo res t ed .  

by Mehnert and W i l l g a l l i s  (1961, Table 16) and Rein (1961, Table 11) m a k e  i t  

The geographic coordinates  published 

r e l a t i v e l y  easy t o  l o c a t e  almost a l l  of t h e i r  outcrops; through the  courtesy of 

Drs. Rein and Ackermann, 1: 25,000 topographical maps showing the a c t u a l  sample 

l o c a l i t i e s  w e r e  a l s o  ava i l ab le .  

The f i e l d  work and sampling i n  1962 were pr imar i ly  d i r ec t ed  towards e s t a b l i s h i n g  

t h e  s ign i f i cance  of the devia t ions  (Fig. 1) from the  polynauial  t rend sur faces  

computed (Whitten, 1962) f o r  Mehnert and W i l l g a l l i s '  (1961) K20 and N a i O  da t a .  

That is, s p e c i f i c  search was made i n  the  f i e l d  f o r  any f ea tu res  t h a t  could p a r t i a l l y  

expla in  the  au tocor re l a t ions  r e f l e c t e d  by the dev ia t ion  maps (Fig. 1). In view 

of the  t r a d i t i o n a l  problems assoc ia ted  with q u a n t i t a t i v e  analyses  of K 0 and N a  0, 

s i g n i f i c a n t  devia t ions  m i g h t  be a n t i c i p a t e d  t o  arise from a n a l y t i c a l  e r r o r s .  High 

var iance a t  the  outcrop o r  sample-size l e v e l  or  even clerical e r r o r s  m i g h t  explain 

2 2 

some of the  anomalies. However, i n  1962, the  s t rong  au tocor re l a t ion  of devia t ions  

was thought t o  favor  an underlying, geological  con t ro l  of the  l o c a l  anomalies. 
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A t  many outcrops the  g r a n i t e  is very deeply weathered. Care w a s  taken t o  

e x t r a c t  the  f r e s h e s t  a v a i l a b l e  material w i t h  crow-bar and hammer. 

co l l ec t ed  from any l o c a l i t y  without c a r e f u l l y  determining whether the  g ran i t e  w a s  

-- i n  s i t u .  A t  s eve ra l  of the l o c a l i t i e s  assoc ia ted  with very l a rge  devia t ions  i n  

Figure 1, it proved impossible t o  f ind  any outcrop and/or i n  s i t u  material. 

Samples w e r e  not  

Selected samples were powdered a t  Northwestern Universi ty  and the  new chemical 

ana lyses  were completed i n  1965 by Japan Analy t ica l  Chemistry Research I n s t i t u t e  

(Executive Director :  

determined by gravimetric,  Fe203 and FeO by volumetric, T i 0 2  by photometric, and 

N a 2 0  and K 2 0  by flame-photometric methods, 

samples were a l s o  analyzed a t  the  same time. A s  an added chec’k on reproducib i l i ty ,  

FeO w a s  reanalyzed f o r  10 samples (and i g n i t i o n  l o s s  determined f o r  these  samples), 

8 samples were reanalyzed f o r  CaO, and 11 f o r  both Na20 and K 2 0 .  

a n a l y t i c a l  r e s u l t s  are shown i n  Table 1; four  d i f f e r e n t  ana lys t s  fram D r .  Asari’s 

labora tory  were respons ib le  f o r  t h i s  work. D r .  Asari (personal communication) 

assumed t h a t  few a n a l y t i c a l  e r r o r s  should be involved with S i02 ,  MgO, CaO, Na20, 

K20 and T i 0 2 ,  al though he suggested t h a t  e r r o r s  m i g h t  be  a n t i c i p a t e d  with A1203, 

Fe203-FeO, and P205 (which are ca lcu la ted  by d i f f e rences ) .  Addit ional  evidence 

f o r  the  confidence l e v e l s  t o  be assoc ia ted  with these chemical analyses  i s  not 

D r .  Tamiya Asari) . S i 0 2 ,  A1203, -0, MgO, and P205 w e r e  

Hidden dup l i ca t e s  of s i x  of the  37 

The complete 

ava i l ab le .  

Ign i t i on  l o s s  reported f o r  these analyses  ranges up t o  about 4 per’”’cent. It is  

not  recorded whether the  p a r t i a l  analyses  published previously (Mehnert and 

w i l l g a l l i s ,  1961, and Hahn-Weinheher and Ackermann, 1967) have been ad jus ted  f o r  

i g n i t i o n  losses .  Figure 2 shows the  o r i g i n a l  K 2 0  weight percentages from Table 1 

cont ras ted  with the  values reca lcu la ted  t o  e l imina te  i g n i t i o n  l o s s .  

shows t h a t  maps f o r  these two sets of values a r e  not m a t e r i a l l y  d i f f e r e n t  (except 

t h a t  the  repercentaged values are approximately 0.1 per cen t  l a r g e r ) .  

l o s s  problem is el iminated by the  use of oxide r a t i o s ,  al though ratios of 

Figure 3 

The ign i t ion-  



2. Whitten K20 weight percentages (from Table 1) and K20 values recalculated to 

eliminate ignition loss; where ignition loss  was not determined, i t  was 

assumed that the loss would account for the difference between the analysis 

total and 100 per cent. 

I. I 

OR161HAL K20 

-. . .. .. . -. . . 



3 .  Manually-contoured maps of the  Malsburg Granite for the  o r i g i n a l  37 K 2 0  

percentages (from Table 1) and f o r  K20  r eca l cu la t ed  t o  e l imina te  i g n i t i o n  

loss. A: Contours a t  3 . 9  and each 0 . 2  per  cen t  increment; above 4.5 

s t ipp led  and above 4 . 9  ru led .  g: Contours a t  4.0 and each 0.2 per  cent  

increment; above 4 . 6  s t ipp led  and above 5.0 ru led .  
- 

4 .  Manually-contoured map of the  Malsburg Granite f o r  K20:Na20 r a t i o  (derived 

from Table 1 f o r  37 samples). Contours a t  1.0 and each 0.1 per  cen t  

increment; above 1 .2  s t i p p l e d  and above 1.4 ru led .  
.< . 



5. Comparisons of the independent K20 and K analyses  made by Whitten (W), Mehnert 

and W i l l g a l l i s  (M & W), and Hahn-Weinheimer and Ackermann (H-W & A) f o r  

samples co l l ec t ed  from the  same localities of the  Malsburg Granite.  EL 

expected l i n e  along which analyses  should l i e .  

f o r  a c t u a l  values  (not including r e p l i c a t e  (R) and dup l i ca t e  (D) analyses  

shown i n  scatter diagrams and Table 1) wi th  percentages of t o t a l  sums of 

squares (SS) assoc ia ted  with each l i n e .  

Figure 5A are i d e n t i f i e d  by number. 

RL =: l i n e a r  regress ion  l i n e  

Samples . fa l l ing  w e l l  away from EL i n  
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closed-system d a t a  (percentages) introduce a d d i t i o n a l  s tatist ical  problems. The 

geologica l  s ign i f i cance  of oxide r a t i o s  is not always obvious but, i n  t h i s  case, 

the K20/Na20 r a t i o  (Fig. 4) has a somewhat s i m i l a r  map p a t t e r n  t o  t h a t  f o r  K 2 0  

weight percentage (Fig. 3 ) .  

THE THRXE INDEPENDENT SETS OF CHEMICAL ANALYSES 

Hahn-Weinheimer and Ackermann (1967, p. 2217)' considered tha t ,  on the  whole, 

t h e i r  results f o r  N a  and K are i n  agreement wi th  the flame photometric 

determinations of Mehnert and W i l l g a l l i s  (1961). However, t h e  l i n e a r  c o r r e l a t i o n  

c o e f f i c i e n t  f o r  K20  and K of these  workers is 0.73 and only 0.45 f o r  Na20 and N a  

(on the  b a s i s  of 26 common sites included i n  Table 1 ) .  The c o r r e l a t i o n  c o e f f i c i e n t  

f o r  K 0 values f o r  the 35 samples common t o  Mehnert and W i l l g a l l i s  (1961) and 

Table 1 i s  only 0.45; f o r  t he  corresponding Na20 values, t he  c o e f f i c i e n t  i s  0.39. 

The r e l a t i v e l y  small magnitude of these  c o r r e l a t i o n  c o e f f i c i e n t s  (Table 2) suggests 

2 

t h a t  t h e  t h r e e  sets of chemical ana lyses  should be s c r u t i n i z e d  more thoroughly. 

Whit ten 's  K 2 0  values (Table 1) and those of Mehnert and W i l l g a l l i s  (1961) are 

p l o t t e d  a g a i n s t  Hahn-Weinheimer and Ackermann's (1967) K values i n  Figures 5B and 

5C; t h e  K20 ana lyses  of Mehnert and W i l l g a l l i s  (1961) and Whitten (Table 1) are 

compared i n  Figure 5A. Figure 6 shows similar diagrams f o r  N a  0 and N a  percentages. 

The T i 0  

va lues  are canpared i n  Figure 7. 

which may r e f l e c t  

2 

percentages from Table 1 and Hahn-Weinheimer and Ackermann's .(1967) T i  2 

Each of t hese  graphs shows considerable scatter 

- c  

(a) a n a l y t i c a l  o r  clerical e r r o r s  w i th in  e i t h e r  o r  both sets of ana lyses  - 
e i t h e r  random e r r o r s ,  c o n s i s t e n t  b i a s  i n  one o r  more a n a l y t i c a l  technique, o r  

v a r i a b i l i t y  wi th in  the  limits of p rec i s ion  of the a n a l y t i c a l  methods, 

(b) l o c a l  v a r i a b i l i t y  wi th in  the sample si tes designated by the  geographic 

coordinates,  o r  

(c) sampling d i f f e r e n c e s  o r  e r r o r s  i n  the f i e l d  - assignment of i n c o r r e c t  

coord ina tes  o r  c o l l e c t i o n  of specimens f r a n  t h e  wrong l o c a l i t y ,  f r a n  erratic 
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6 .  Comparisons of the independent Na20 and N a  analyses  made by Whitten (W), 

Mehnert and W i l l g a l l i s  (M & W ) ,  and Hahn-Weinheimer and Ackennann (H-W & A)  

fo r  samples from the  same l o c a l i t i e s  of the  Malsburg Grani te .  EL expected 

l i n e  along which analyses  should l i e .  RL = regress ion  l i n e  f o r  actual values  

(not including r e p l i c a t e  (R) and dup l i ca t e  (D) analyses  shown i n  scatter 

diagrams and Table 1) wi th  percentages of t o t a l  sums of squares (SS) 

a s soc ia t ed  wi th  each l i n e .  Samples f a l l i n g  w e l l  away from EL i n  Figure 6B 

are i d e n t i f i e d  by number. 
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7. Independent Ti02 ana lyses  by Whitten (W) and T i  ana lyses  by Hahn-Weinheimer 

and Ackennann (H-W & A) f o r  samples c o l l e c t e d  from the  same l o c a l i t i e s  of the 

Malsburg Granite.  EL = expected l i n e  a long  which ana lyses  should l i e .  RL 

r eg res s ion  l i n e  for a c t u a l  values (excluding r e p l i c a t e  (R) and d u p l i c a t e  (D) 

ana lyses  shown i n  scatter diagram and Table 1 )  wi th  percentage of t o t a l  sum 

of squares (SS) assoc ia ted  wi th  the l i n e .  

... _ , .  . .. ,,.. ' 

1 
AD, , I , , , , .  , , , , , 
*n -21 -3J 41 

T i  H - W & A  



Yable 2. - Linea  correlation coefficients baser3 on the 

X L r i m e n t a l  Locality Locality 

. 

1 error 20 (~=13) 66 (N=~o) 

2.72 

0.49 14.35 
0.58 4.67 

smple locz l i t i es  comon t o  a'iL three se t s  of 

chemica,l analyses. 

-~ - 

Locality Locality 
69 (1=1o) 128 (x=g)* 

3 -79 4.58 
2.62 3 027 

10.60 17.10 
3 *I3 2.86 

Source of analyses $0/K Na20/Na Ti02/Ti 

Mehnert and b7illgallj.s and 
Hahn-We inheimer and Ackerrnann 0.73 0.45 -* 

Mehnert and Willgallis and 
Whit t en 0.45 0.40 ,* 

&hn-Weinheimer am3 Ackermnn 
and. Whitten 0.71. 0.57 0.84 

Wehnert and Willgallis did not give Ti02 malyses. 

Table 3. - Coefficients of variation for  experimental error and 

loca l  heterogeneity i n  outcrops estimated by Rap?- 

Wzinheimei and Ackermnn (1963, 1967) * 
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material, o r  from material too  weathered o r  too  decomposed t o  represent  the  f r e s h  

parent  rock. 

In  prel iminary tests, Hahn-Weinheimer and Ackermann (1963, 1967) found t h a t  

t h e i r  X-ray f luorescence ana lyses  have small e r r o r s  and mean devia t ions  i n  

comparison with the  var iances  of groups of samples from l o c a l i t i e s  20, 66, 69, and 

128 (see Figure 1). The c o e f f i c i e n t s  of var ia t ion*  deduced by these au thors  are 

*The c o e f f i c i e n t  of v a r i a t i o n  i s  the  standard devia t ion  divided by the  mean and 

then expressed as a percentage.  

shown i n  Table 3. Local heterogenei ty  w a s  es t imated on the bas i s  of 9 t o  13  

samples of 5 t o  10 kg each co l l ec t ed  a t  10 t o  15 m i n t e r v a l s  i n  each outcrop. 

I n t u i t i v e l y ,  the var iances  deduced f o r  Ca weight percentage appear t o  be 

s u r p r i s i n g l y  la rge .  Hahn-Weinheimer and Ackermann implied t h a t  the values  i n  

Table 3 i nd ica t e  the  confidence l e v e l  t o  be assoc ia ted  with t h e i r  complete a r r a y  

of Malsburg Granite ana lyses .  

The th ree  regress ion  l i n e s  f o r  Hahn-Weinheimer and Ackermann's and L'hit ten's  

values  (Figs .  5B, 6A, and 7) show sune cons i s t en t  d i f f e rences  which suggest t h a t  

cons tan t  a n a l y t i c a l  d i f f e rences  occur i n  add i t ion  t o  sporadic  noise;  these  

diagrams show t h a t  these  samples (which were sepa ra t e ly  c o l l e c t e d  from the  same 

g r i d  loca t ions )  have s u r p r i s i n g l y  l i t t l e  l o c a l  v a r i a b i l i t y .  By comparison, the 

c o r r e l a t i o n s  of the a lka l i  analyses  der ived by Mehnert and W i l l g a l l i s  and by 

Whitten are s i g n i f i c a n t l y  weaker (Figs.  5A and 6B). Seven specimens ( l o c a l i t i e s  

12, 21, 52, 104, 141, 155, and 186) on the NazO weight percentage diagram (Fig. 6B) 

l i e  w e l l  o f f  t he  t h e o r e t i c a l  expected l i n e  (EL on Fig. 6B). Fie ld  r e l a t ionsh ips  

suggest  t h a t  l o c a l i t i e s  12, 21, 52, and 186 should not  present  c o l l e c t i n g  

d i f f i c u l t i e s .  L o c a l i t i e s  141 and 155 are poor, weathered outcrops from which 

f r e s h  rock can only be obtained a f t e r  considerable  labor ;  tho geographic 



- 10- 

coordinates  f o r  104 def ine  the  middle of an  exposureless meadow which makes the  

o r i g i n  of the previously-analyzed sample uncertain.  

s a t i s f a c t o r y  i n  t h a t  nine samples l i e  w e l l  away from t h e  expected l i n e  (EL on 

Fig. 5A), but  s eve ra l  oE these  outcrops could have caused c o l l e c t i o n  d i f f i c u l t i e s ,  

- viz: l o c a l i t i e s  66, 159, 186, and 197 should not  have presented d i f f i c u l t y ,  

The K20 graph is  less 

except that rock a t  66 and 159 is  v i s i b l y  heterogeneous; l o c a l i t i e s  141, 155, and 

203 have poor, weathered outcrops (141 and 155 r e fe r r ed  t o  prev ious ly) ;  147 is a 

poor l o c a l i t y  e s s e n t i a l l y  camprising boulders and it is  uncer ta in  whether any 

material is  genuinely i n  s i t u ;  104 was  r e f e r r e d  t o  above (published coordinates  

def ine  exposureless meadow). 

Such cons idera t ions  suggest t h a t  f i e l d  sampling problems may account f o r  some 

of the  sca t t e red  d i s t r i b u t i o n  of po in ts  i n  Figures 5A and 6B. However, from these 

graphs i t  is not  poss ib le  t o  i d e n t i f y  the  a c t u a l  source of t rouble  as being 

p o s i t i v e l y  due t o  sampling, a n a l y t i c a l ,  c l e r i c a l ,  or  o the r  e r r o r  i n  e i t h e r  set of 

r e s u l t s .  

Figures 5A and 6B have considerable  importance i n  i n t e r p r e t i n g  the  devia t ion  

maps f o r  K20 and N a 2 0  percentages (Fig. 1 ) .  The more anomalous l o c a l i t i e s  i n  

terms of Figures 5A and 6B are shown i n  Figure 1 and they def ine  most of the very 

l a r g e  devia t ion  maxima. In  o ther  words, most of the  major maxima i n  F igure  1 are 

def ined by da ta  t h a t  a r e  suspec t .  

DISCRIMINATION OF ZONES WITHIN THE MALSBURG GRANITE 

Rein (1961) showed t h a t  f o r  h i s  sampled population of the  Malsburg Granite 

reg iona l  modal v a r i a b i l i t y  i s  much g rea t e r  than the  l o c a l  m o d a l  v a r i a b i l i t y  - a 

conclusion subsequently supported by Hahn-Weinheimer and Ackermann (1963) on the 

b a s i s  of t h e i r  chemical analyses  of seven elements f o r  four  l o c a l i t i e s .  Rein 

(1961) demonstrated a d i s t i n c t  zonal pa t t e rn  f o r  m o d a l  quar tz ,  potash fe ldspar ,  

plagioclase,  b i o t i t e ,  hornblende, apati te,  and z i rcon  with the  per iphery of the  

g r a n i t e  being r e l a t i v e l y  more bas i c  and the  center  more l eucoc ra t i c .  On the  bas i s  



8. Maps of discr iminant  funct ions ( fo r  37 samples) superimposed on Mehnert and 

W i l l g a l l i s '  (1961) zones f o r  the  Malsburg Granite.  No p a t t e r n  - Class A 

c e n t r a l  g ran i te :  Horizontal  r u l i n g  - Class B border g ran i t e  with p a r t i a l  

K-feldspar porphyroblast  development: Horizontal  and v e r t i c a l  r u l i n g  - Class 

B K-feldspar-blast ic  border gran i te .  4. Discriminant func t ion  f o r  subset  2 

(of Table 6); manual contours f o r  the  discr iminant  func t ion  are ( i )  wi th in  

s t i pp led  area - mean value of funct ion f o r  specimens a l loca t ed  t o  Class A 

( i i )  boundary of s t i p p l e d  area is  the  discr iminant  value, and ( i i i )  ou ts ide  

the s t i pp led  area - mean value of funct ion f o r  specimens a l loca t ed  t o  Class B. 

The s i x  samples misc l a s s i f i ed  by t h i s  funct ion are indica ted  by arrows. Four 

samples most commonly misc l a s s i f i ed  (see t e x t )  are i d e n t i f i e d  by number. 

B. Discriminant funct ion f o r  subset  8 (of Table 6 ) ;  manual contours have 

same s igni f icance  as i n  Fig. 8 A .  A l l  samples are c o r r e c t l y  c l a s s i f i e d .  Four 

samples i d e n t i f i e d  as t r a n s i t i o n a l  i n  charac te r  by Mehnert (see t e x t )  are 

i d e n t i f i e d  by number. 
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of t h e i r  own f i e l d  experience and the subject ively-contoured mineralogical  maps of 

Rein (1961), Mehnert and W i l l g a l l i s  (1961, P l a t e s  21  and 22) constructed a s i n g l e  

q u a l i t a t i v e  pe t rographica l  map of the  Malsburg Granite;  the  mapped l i n e s  are 

incorporated i n  Figure 8. 

depending upon which minerals  they considered t o  be the  most s i g n i f i c a n t ,  the  

au thors  could have drawn somewhat d i s s i m i l a r  boundaries. Mehnert and W i l l g a l l i s  

placed much importance on potash f e ldspa r  porphyroblasts i n  de f in ing  t h e i r  

boundaries, al though q u a n t i t a t i v e  information about t he  c h a r a c t e r i s t i c s  of these 

porphyroblasts has not  been published; i n  some places,  the  l i n e s  were shown as 

1 1  uncer ta in  ."" On these  bases, Mehnert (personal communication) recognized the  

In t h e i r  syn thes i s  these l i n e s  are a r b i t r a r y  s o  tha t ,  

"Hahn-Weinheimer and Ackermann (1967) used p rec i se  mathematical opera t iona l  

d e f i n i t i o n s  t o  de l imi t  zones of equal  concentrat ion f o r  each ind iv idua l  element 

but  they d id  not  develop a system f o r  mapping the  v a r i a b i l i t y  of a l l  e i g h t  of 

t h e i r  va r i ab le s  simultaneously.  

fol lowing zones: 

1. 

2. 

3 .  

Inner c e n t r a l  g ran i t e  

i Typical 

ii Trans i t iona l  t o  the  ou te r  c e n t r a l  g r a n i t e  

Outer c e n t r a l  p ran i t e  

i Typical 

ii Trans i t i ona l  t o  the  Inner Central  Grani te  

iii Trans i t i ona l  t o  the  Border Granite 

Border g r a n i t e  with partial K-feldspar porphyroblast  development 

i Typical 

ii Trans i t i ona l  t o  the  K-feldspar-blast ic  g r a n i t e  
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4 .  K-feldspar-blast ic  border g r a n i t e  

i Typical 

ii Trans i t i ona l  t o  the  outer  c e n t r a l  g r a n i t e  

Without quest ioning o r  debat ing the  p ropr i e ty  of these zones, it is  i n s t r u c t i v e  

t o  examine whether the  a v a i l a b l e  measured a t t r i b u t e s  permit these pe t rographica l ly  

recognized and def ined groups t o  be discr iminated i n  a q u a n t i t a t i v e  manner. 

t h i s  purpose two c l a s s e s  are considered: Class A represent ing  the  c e n t r a l  g ran i t e  

(zones 1 and 2 of Mehnert) and Class B the  border g ran i t e  (zones 3 and 4 of 

Mehnert). It must be recognized t h a t  the  analyzed samples w e r e  co l l ec t ed  by 

d i f f e r e n t  people from designated geographic l o c a l i t i e s ;  in consequence, the  same 

specimens were not  analyzed f o r  each s e t  of var iab les  and l o c a l  v a r i a b i l i t y  

f a c t o r s  must unavoidably be included in ,  and p a r t i a l l y  confuse, the discr iminants .  

For 

A computer program t h a t  can c a l c u l a t e  sequent ia l  l i n e a r  discr iminant  

func t ions  (Whitten, 1970A) with up t o  25 independent va r i ab le s  w a s  employed t o  

c a l c u l a t e  s eve ra l  hundred d iscr iminant  func t ions  with var ious combinations and 

subse ts  of the  following var iab les :  

a. Eleva t ion  and s p e c i f i c  grav i ty .  

b. 10 oxides (Whitten, Table 1) - because Fe203, FeO, and MgO seem not  t o  

have good r ep roduc ib i l i t y ,  these oxides and the  alkalis were t r e a t e d  

sepa ra t e ly  f o r  some discr iminant  funct ions.  

c .  8 element analyses  published by Hahn-Weinheimer and Ackermann (1967). 

d .  Normative values (ca lcu la ted  from the  chemical analyses  of Whitten, 

Table 1). 

e. Modal values  published by Rein (1961). 

f .  K20 and Na20 values  from Mehnert and W i l l g a l l i s  (1961). 

Table 4 shows some of the subse ts  of va r i ab le s  f o r  which d iscr iminant  func t ions  

w e r e  ca l cu la t ed  and the  e f f i c i e n c y  with which these func t ions  sepa ra t e  the  

samples i n t o  the  two c l a s s e s  A and B.  For these ca l cu la t ions  only the  37 



Table 4. - Sets of data used t o  calcKLa+,e discriminant functions and efficiences achieved. --- 
Nuaber I 

Var iab 11 

12 

11 

8 

25 

25 

15 

7 

8 

2 

2 

19 

14 

8 

2 

12 

14 

Elevation Specif j 
Gravit] 

X 

X 

X 

X 

X 

it 

X 

X 

X 

Vaziables used 

Whitten oxidles 
Si02,JLL 0 

CaO, Ti02 
2 3  

p2°5 

X 

x 

X 

X 

X 

X 

- 
Na2G 

K2° 

- 
X 

x 

X 

X 

X 

X 

Whitten 
norms 
excluding 
%$ 

Kahn-Weinheimer and Ackermann's eight elements 

rJhitteii's Ti02 and $0 only I I 
x I x  I x  X 

I ! I  i 

X 

X 

X 

X 

X* 

X 

Rei 
mod( 

II 

X 

X 

X 

X 

X 

X 

X - 

X 

X 

Nwiber of 
Samples 

Mis clas s i  - 
f ied 

7 

6 

6 

0 

0 

3 

5 

13 

7 

15 

1 

1 

5w 

6 
w 

3% 

Used 

- 
37 

37 

37 

34 

36 

36 

34. 

36 

35 

37 

36 

36 

26 

37 

37 

36 - 

81.1 

83.8 

83.8 

100.0 

100.0 

91.7 

85 a 3  

63.9 

80.0 

59.5 

97.2 

97.2 

80.8 

83.8 
3% 

JHe 

* includes M@; %++ wslyzcd or a lso  analyzed sequentially - see Table 5 .  



DaGa  Set 

Variables include? 
i n  subset 

Table 5.  - Examples of 'best' subsets of variables for  the Malsburg Granite 
selected by sequential discriminant function analysis. 

* 

Whitten's 10 Hab-We inhe ime r and 

gravity N = 37* N = 26* 
Ackermann's 8 elements 

-- 
Ember I Number 

A l l  12 

yZ0 + Ti02 

O + P O  5 2 5  

Speclfic gravity 

i Misclassif ied 
I --- Misclzssified - 

7 

Table '[. - Correlation coefficients based on 36 of the s a q l e  locat iom 
l i s t e d  i n  Table 1. 

I Varia,ble s 

orthoclase 

plagioclase 

apat i te  

Modal 
percentage 
(Rein) 

quartz 

potash feldspar 

plagioclase 

erp&it e 

11 

I I  I1 Variables - 
Oxide 

'I (PMtten) 11 
r 1; percentage 
I 

11 
0.68 1; Si02 

C.31 (( CaO 

0.29 )I cao 

0.45 11 11 Na20 

II 
11 

II 
11 

11 

II 
I1 II 50 
I1 

Xodal 
percentage 
(Rein) 

quartz 

plagioclase 

hornblende 

plagioclase 

potash feldsgar 

b i 0tit.e 

E f  f icie&y 

80.77 

80 77 

80.77 

65.38 

r - 

0.69 

0.16 

0.29 

0.24 

0.31. 

-0.23 



P 

laisclassi- 
f ied 

Total 
samples 
Efficiency 
per cent 

Table 6. - Malsburg Granite sample sites misclassified by linear discriminant functions using 
different data subsets; misclassified samples marked x 

7 6 6 6 8 1 3 0 0 3  1 7  9 1 0 1 2 1 2 1 2  5 1 3  7 1 5  5 5 

37 37 37 37 37 37 34 36 36 36 36 36 36 36 36 36 34 34 ,5 a 36 26 26 26 

81 84 84 84 78 65300100 92 97 81 75 72 67 67 67 85 6 4  80 97 81 81 81 

Data 
Subset I 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

X 

X 

x x  

x x x  
X 

x x x  
X 

X x x x x x  
X 

X x x x  
x x x  x x x  X 

x x x  X 
X 

X X 

x x  X 
X X 

x x x  X 
X 

X 
X X 

x x x  x x  
x x x  X 

x x x x x  X 
X 

X X X 
X X X X X X 

x x  
x x x  x x  

X x x  
X X 

x x x x  x x x  X 

X X 
x x x x x  X x x x x x x  X 

X 

x x  x x x x  
x x  X 

x x x  x x  x x x  X 

X 
X 

x x  

X 
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l o c a l i t i e s  l i s t e d  i n  Table 1 were included so  t h a t  less than 37 sample si tes were 

used when da ta  from Hahn-Weinheimer and Ackermann, Mehnert and W i l l g a l l i s  and/or 

Rein w e r e  included ( these  au thors  d id  not  give analyses  f o r  a l l  of t he  37 

loca t ions  i n  Table 1). 

Table 4 shows t h a t  use of a l l  of the  var iables* permits  100 per  cen t  

'Except t h a t  e i t h e r  Mehnert and W i l l g a l l i s '  o r  Whitten's  alkali  values only were 

included. 

e f f i c i e n c y  i n  d i sc r imina t ing  the  two classes. Spec i f i c  g rav i ty  p lus  Rein 's  modal 

values  used toge ther  achieve only 63.9 per  cen t  e f f i c i ency .  A combination of the  

norms and modes (with e l e v a t i o n  and s p e c i f i c  grav i ty) ,  however, causes only 3 of 

the  36 s i tes  t o  be m i s c l a s s i f i e d .  

of t h e  norms a lone  i s  less e f f i c i e n t  than use of the combination of norms and 

modes. Surpr i s ing ly ,  Mehnert and W i l l g a l l i s  ' (1961) alkali  values a lone (80 per  

cen t  e f f i c i ency)  are almost as e f f i c i e n t  as Whitten's  t e n  oxides (coupled with 

e l eva t ion  and s p e c i f i c  g r a v i t y )  used together  (81 per  cen t  e f f i c i ency) .  The 

d iscr iminant  func t ion  ca l cu la t ed  f o r  t he  e i g h t  elements analyzed by Hahn- 

Use of Whitten's  chemical analyses  a lone o r  

Weinheimer and Ackermann (1967) only m i s c l a s s i f i e s  5 of 26 samples (81 per  cen t  

e f f i c i e n c y )  . 
The d iscr iminant  func t ion  can be v i sua l i zed  more c l e a r l y  when represented i n  

map form. A s  a n  example, t he  loca t ions  of c o r r e c t l y  and inco r rec t ly  c l a s s i f i e d  

sample loca t ions  i n  subse t  2 (Table 6) are shown i n  Figure 8 A .  In  Figure 83 one 

of the d iscr iminant  func t ions  t h a t  is 100 pe r  cent  e f f i c i e n t  (subset  8) i s  mapped 

t o  show the  r e l a t i v e  d i s t ance  of each sample fram the  l i n e a r  p a r t i t i o n .  

Ef fec t iveness  of d i scr iminant  funct ions can be considered d i f f e r e n t l y .  In  

many cases, the same (or  even b e t t e r )  e f f i c i e n c y  is  achieved by use of only a small 

subse t  of the  a v a i l a b l e  va r i ab le s  (cf., Chayes and Velde, 1965). Table 5 
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i l l u s t r a t e s  some rep resen ta t ive  r e s u l t s  produced by sequen t i a l ly  ca l cu la t ing  t h e  

d iscr iminant  func t ion  f o r  each subse t  of one va r i ab le ,  each poss ib l e  subse t  of 

two va r i ab le s ,  etc.,  i n  a t o t a l  da t a  a r ray .  For the  a v a i l a b l e  Malsburg Grani te  

da t a ,  a s i n g l e  v a r i a b l e  is  commonly a very i n e f f i c i e n t  b a s i s  f o r  a d iscr iminant  

func t ion  but ,  i n  several cases, occas iona l  p a i r s  of v a r i a b l e s  are as e f f i c i e n t  

as, say,  8 o r  14 v a r i a b l e s  used toge ther .  However, t h e  "best" subse ts  s e l e c t e d  

i n  t h i s  manner are no t  always those  t h a t  would be  s e l e c t e d  i n t u i t i v e l y  o r  on t h e  

b a s i s  of sub jec t ive  geologica l  experience (see Table 5 ) .  

It can be  assumed t h a t  Rein's  (1961) modes are good representa t ions  of t h e  

samples concerned but ,  as Table 4 shows, they are poor bases  f o r  d i scr imina t ion  

between Mehnert and W i l l g a l l i s '  two mapped zones (Classes A and B ) .  

It is  poss ib l e  t h a t ,  i n  terms of t h e i r  ope ra t iona l  d e f i n i t i o n s ,  Mehnert and 

W i l l g a l l i s  mi sc l a s s i f i ed  some of the  sample l o c a l i t i e s  and, as a r e s u l t ,  drew the  

boundary between t h e  c e n t r a l  and border g r a n i t e  zones inco r rec t ly .  

t h e  samples t h a t  were misc l a s s i f i ed  by a s e l e c t i o n  of t he  discr iminant  funct ions 

are l i s t e d ;  samples t h a t  appear repeatedly i n  t h i s  Table should be  re-examined i n  

I n  Table 6, 

t e r m s  of both Mehnert and W i l l g a l l i s '  o r i g i n a l  c l a s s i f i c a t i o n  and t h e  accuracy of 

t h e  a n a l y t i c a l  data .  L o c a l i t i e s  159, 186, and 195 (and poss ib ly  104) should be 

evaluated i n  t h i s  way (cf., Fig. 8 A ) .  Many of t he  37 l o c a l i t i e s  are c l a s s i f i e d  

c o r r e c t l y  by a l l  o r  most of t he  discr iminant  funct ions.  Mehnert (personal  

communication) considered t h a t  four  (numbers 7, 56, 118, and 186) of t h e  l o c a l i t i e s  

used he re  are ou te r  c e n t r a l  g r a n i t e  t r a n s i t i o n a l  t o  border  g r a n i t e  (see Fig.  8 B ) ;  

al though t h e  discr iminant  funct ions commonly misc lass i fy  186, a l l  major funct ions 

c o r r e c t l y  c l a s s i f i e d  t h e  o the r  t h ree  l o c a l i t i e s  as c e n t r a l  g ran i t e s  (see Table 6 ) .  

It can be  seen from Table 6 t h a t  t he re  are several o the r  sample sites t h a t  are 

more l i a b l e  t o  m i s c l a s s i f i c a t i o n  (on the  b a s i s  of a v a i l a b l e  da ta )  and which are, 

i n  t h i s  sense,  t r u l y  t r a n s i t i o n a l  between Classes A and B. Of course,  although 

Mehnert and W i l l g a l l i s  p r imar i ly  based t h e i r  maps on Rein's  modes and t h e i r  
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a lkal i  values, they were probably sub jec t ive ly  and q u a l i t a t i v e l y  influenced 

(appropriately)  by a d d i t i o n a l  f a c t o r s  recognized (but n o t  quan t i f i ed )  during t h e i r  

f i e l d  work. 

A t  t h i s  time, d i scr imina t ion  cannot be e f f i c i e n t l y  made on the  b a s i s  of 

c h a r a c t e r i s t i c s  t h a t  could be estimated q u a n t i t a t i v e l y  i n  the f i e l d .  The 

chemical and normative va r i ab le s  t h a t  permi t  e f f i c i e n t  d i scr imina t ion  of the  

Classes can only be measured i n  the  labora tory .  Such r e s u l t s  may prove not  t o  be 

unusual. For example, Chayes (1964) and Chayes and Velde (1965) discovered t h a t  

Ti02 percentage i s  the  only major oxide t h a t  e f f i c i e n t l y  d iscr imina tes  between 

ocean-island and circumoceanic b a s a l t s .  In such circumstances, i n  order  t h a t  

unequivocal q u a n t i t a t i v e  d iscr imina t ion  may be made i n  the  f i e l d  during a mapping 

pro jec t ,  a d d i t i o n a l  d i f f e r e n t  cri teria (gag., t e x t u r a l  charac te r  i s  t i c s ,  number 

and s i z e  of porphyroblasts,  e t c . )  must be measured and mapped. 

b a s i s  f o r  Mehnert's pe t ro log ica l ly - s ign i f  i c a n t  model f o r  the  Malsburg Granite, 

I f  t he re  i s  any 

t h e r e  must be va r i ab le s  t h a t  could be measured i n  the  f i e l d  and be used as a 

b a s i s  f o r  ob jec t ive  d e f i n i t i o n  of h i s  zones. I n  an economic s i t u a t i o n ,  discovery 

of t he  few va r i ab le s  t h a t  can e f f i c i e n t l y  d iscr imina te  between commercially 

s i g n i f i c a n t  and unpro f i t ab le  rock masses could g rea t ly  reduce the c o s t s  of 

explora t ion  (cf., Whitten, 1 9 6 6 4 .  

PREXlICTION MODELS FCR THE VARIABILITY OF THE MALSBURG WITE 

Predic tor  models have many uses f o r  t e s t i n g  pe t rogenet ic  and search models 

f o r  ind iv idua l  g r a n i t i c  bodies .  Predict ions,  made on the  bas i s  of samples 

gathered from a s i n g l e  l i t h i c  un i t ,  can be made without re ference  t o  t h e  s p a t i a l  

l oca t ions  of the  specimens. C m o n l y ,  more use fu l  models r e s u l t  from including 

the  s p a t i a l  coordinates;  t h ree  types are considered here:  

mapped r e s u l t s ,  ( i i )  t rend-surface maps f o r  s i n g l e  dependent var iab les ,  and ( i i i )  

Q-mode fac tor -ana lys i s  maps based on simultaneous use of numerous measured 

( i )  models without 

va r i ab le s .  
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Predic t ion  models without mapped r e s u l t s  

Some a t t r i b u t e s  are measured more prec ise ly ,  accura te ly ,  and/or cheaply than 

o the r s .  A s  mentioned already, the  var iance of each va r i ab le  i n  samples of a 

spec i f i ed  s i z e  and c o l l e c t e d  from one rock u n i t  is, i n  general ,  d i f f e r e n t .  Because 

of t he  l a rge  var iance of some va r i ab le s  (and/or the  d i f f i c u l t i e s  of measurement), 

d i r e c t  estimates of t h e i r  d i s t r i b u t i o n  wi th in  rock u n i t s  are d i f f i c u l t .  Table 7 

shows t h a t  simple l i n e a r  c o r r e l a t i o n  of many p a i r s  of va r i ab le s  is not l i k e l y  t o  

be use fu l  f o r  p red ic t ion  purposes. However, i t  might be an t i c ipa t ed  t h a t  such 

a t t r i b u t e s  could be pred ic ted  on the  b a s i s  of more-easily-assayed var iab les .  

V i s t e l iu s  (1962) demonstrated t h a t  the  P205 content  of some Tien Shan g r a n i t i c  

rocks can be predic ted  with a simple l i n e a r  model using modal quartz ,  potash 

fe ldspar ,  plagioclase,  and mafic mineral  percentages as independent va r i ab le s .  

Similar ly ,  Whitten (1966, 1968) demonstrated t h a t  sequent ia l  mu l t ip l e  l i n e a r  

regress ion  can be used t o  " s o r t  out" some of the  i n t e r r e l a t i o n s h i p s  between 

chemical and s p e c i f i c  g rav i ty  da t a  f o r  the  Aulanko Granodiorite,  Finland, and the  

Malsburg Granite.  It seems probable t h a t  such p red ic t ion  techniques could have 

considerable  value f o r  prospect ing and eva lua t ion  i n  economic geology, i n  

remotely-sensing the terrestrial sur face  from a i r c r a f t  and s a t e l l i t e s ,  and i n  a 

wide v a r i e t y  of pe t ro log ica l  s tud ie s .  However, a t  present ,  very l i t t l e  is known 

about t he  var iance and i n t e r r e l a t i o n s h i p s  of the many hundreds of va r i ab le s  t h a t  

can be measured f o r  rock samples. 

In  the  l i n e a r  equation 

Y - a + a X + a X + a X + ........ a X -0 -1-1 -2-2 -3-3 -13 13 

l e t  1 be T i 0 2  percentage and g,, . . . . . X -1 3 

analyzed oxides, and the  th ree  s p a t i a l  coordinates .  

method of least squares* and using the  da t a  f o r  a l l  t h i r t e e n  "independent" 

be s p e c i f i c  gravi ty ,  nine o ther  

Solving the  equat ion by the 
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*The FORTRAN computer program prepared by Krumbein e t  a l .  (1964) was used f o r  

t h i s  purpose. A s  s t a t e d  the  model includes s p a t i a l  coord ina tes  and independent 

v a r i a b l e s ;  by omi t t ing  these  s p a t i a l  va r i ab le s  a model without  re ference  t o  

l o c a t i o n  of t he  samples is involved. 

v a r i a b l e s  a v a i l a b l e  f o r  the Malsburg Granite samples (Table l), 86.97 per cen t  

of t he  t o t a l  v a r i a b i l i t y  of T i 0 2  can be p red ic t ed .  

examine the  p red ic t ion  equations when only a few "independent" va r i ab le s  are 

used. Table 8 shows t h a t  

However, i t  is i n s t r u c t i v e  t o  

T i 0 2  = a + a (Si02) -0 -1 

accounts f o r  75.53 per cent  of t he  t o t a l  sum of squares. Hence, f o r  many purposes, 

p r e d i c t i o n  on the  b a s i s  of S i 0 2  a lone  would be adequate and inc lus ion  of s p e c i f i c  

g rav i ty  o r  the o the r  e i g h t  oxides would be redundant; t h a t  is, inc lus ion  of a 

f e w  oxides i n  a d d i t i o n  t o  S i02  adds l i t t l e  t o  p red ic t ive  power. 

U s e  of the  l i n e a r  equation f o r  p red ic t ion  of P205 permits 75.09 per cen t  

of t he  v a r i a b i l i t y  t o  be accounted f o r  when a l l  the o the r  va r i ab le s  are used. 

of S i02  a lone  permits 56.34 per cen t  of the v a r i a b i l i t y  t o  be accounted f o r  

(Table 8)." 

Use 

*This is a s i g n i f i c a n t  improvement over use of even the cubic  trend su r face  

(based on geographic coord ina tes  and described i n  a subsequent s e c t i o n  of t h i s  

paper) which accounts f o r  only 19.14 per cen t  of the t o t a l  sum of squares (see 

Table 11). The t h r e e  orthogonal s p a t i a l  coordinates are i d e n t i f i e d  as IJ, 1, and 

(expressed i n  k i lometers )  i n  Table 8 and t h e  remainder of t h i s  paper. For 



I 

S p e c i f i c  Gravi ty  
I 1 I 

P 0 percentage 

Ta!)lc 3.  - 'Best' p r e d i c t i o n s  of Ti02 and P205 percentages and specir t lc  graviLy LUI LllE ,,uluuu-d ____. 

using s e q u e n t i a i  l i n e a r  r e g r e s s i o n  a n a l y s i s .  

I 2 5  # 
I 

L I - N = 37 

Sum of 

reduct ion  

~ Independent 
variables squares  

%** 

1 1 Ti0  percentage 2 
N = 37 

sum of 

reductio1 

Number of 
independ- 
e n t  vari- 

Independent squares  

%" 

- N = 372 - N = 363 -4 
Independent sum Of 

Sum of 
squares  Independent 

variables squares variables reduction reduct ion  %*** %**** 
75.53 S io2 56.34 , CaG 37.76 Si02 

MgO 47.31 

47.23 '2'5 

V, Si02 81.65 

1 

1 -  

CaO 38.97 

2 

I 

S i 0 2 ,  A1203 62.57 FeO, C a O  43.11 

A1203,  Ti02 59.90 Si02, CaO 40.24 

Si02, Na20 59.37 Fe203, CaO 40.13 

V,  S i 0 2  l -  
CaO, Hornbl, 51.13 

Hornb I., Norm. 
anorth.% 48.80 

CaO, Q tz .  48.31 

79.28 

A1203,Fe 0 ,PeO 65.54 2 3  

S i 0 2 , A 1  0 ,Na20 65.42 2 3  

Si02,  Fe203 76.90 

Si02,Fe203,Ca0 45.26 C a O ,  P205,Hornbl. 53.40 I 
Fe0,Ca0,Na20 44.28 Fe203,Ca0,Hornbl. 52.82 

3 

I - 

V ,  S i 0  Na20 82.48 

1, Si02, Fe203 52.26 

v ,  Y, s i 0 2  82.24 

2' 

I Ti02 47.23 Norm. Qtz, 34.84 31.89 I I 
I 18.64 I Norm. Anorth.% 33.86 Si02 I 42.32 

I Qtz., Norm. 47.34 
Anorth, % 

,CaO, Q tz .  52.75 I 
I 

Si02,A1203,Fe203 64.60 U, PeO, CaO 44.13 

S i 0  , N a 2 0 , K 2 0  64.24 Fe203,Ca0,Ti02 44.11 PlgO,.CaO,Hornbl. 52.25 1 2 
i I I 

1 P r e d i c t i o n  based on all. i i i ne  o t h e r  oxides (Table l), S p e c i f i c  Gravity,  E, 1, and 
2 Predic t ion  based on all t e n  oxides (Table I), LJ, 1, and - W 
3 P r e d i c t i o n  Sased on all ti?n Whitten's oxides ,  seven Rein 's  modes, 4 major Whitten's  norms, and W 
fc  Naxinum with a l l  13 'indcyxndent.' v a r i a b l e s  - 86.97 pe r  cen t .  
*A Maximum wi th  a l l  13 ' indcpcndent'  v a r i a b l e s  - 75.09 pe r  cen t .  
*m Xaximum wi th  a l l  13 'I1idcpcndent' v a r i a b i e s  - 53.47 p e r  cen t .  
w h f ~  Maximum with a l l  22 'independent'  v a r i a b l e s  - 70.61 pe r  cen t .  - N = Number of samples a v a i l a b l e  
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convenience, the  a x i a l  o r i g i n  w a s  placed j u s t  north of the  g r a n i t e  with g 

increas ing  i n  a southwesterly,  1 i n  a southeas te r ly ,  and i n  the upwards 

d i r e c t  ion. 

In tu i t i ve ly ,  geologis t s  have l i t t l e  b a s i s  f o r  deciding whether these  

r e s u l t s  for Ti0 and P 0 are reasonable and ccmunon, o r  whether they are 

markedly d i s s i m i l a r  t o  those t h a t  would be found f o r  t he  major i ty  of 

2 2 5  

g ran i to id  masses. For s p e c i f i c  gravi ty ,  however, many geologis t s  would 

a n t i c i p a t e  s i g n i f i c a n t  c o r r e l a t i o n s  with modal mineralogy. 

Whitten (1962) and Whitten (19638, p. 111; 1966a) suggested t h a t  s p e c i f i c  

Dawson and 

g rav i ty  might be a more e f f i c i e n t  va r i ab le  f o r  expressing the three-dimensional 

composition and v a r i a b i l i t y  of g r a n i t i c  masses than the  customary modal 

va r i ab le s .  This content ion w a s  based on ( i )  the s i m i l a r i t y  of trend sur faces  

f o r  s p e c i f i c  g rav i ty  and modal va r i ab le s  (e.g., i n  the  Lacorne, LaMotte, and 

Pre issac  g r a n i t i c  crnnplex, Quebec, Canada and the  "older  grani te"  of Donegal, 

I re land) ,  ( i i )  the  f a c t  t h a t  much l a r g e r  specimens can be used f o r  measuring 

s p e c i f i c  g rav i ty  than are commonly used f o r  modes o r  chemical analyses,  so  

t h a t  the  smallest l e v e l s  of var iance can be eliminated, and ( i i i )  considerat ion 

of problems a r i s i n g  from the  f a c t  t h a t  modal da t a  necessa r i ly  involve closed- 

number (percentage) a r r ays .  Moore (1963) a l s o  demonstrated t h a t  s t rong  

c o r r e l a t i o n  of s p e c i f i c  g rav i ty  with modal quartz  and f e ldspa r s  f o r  t he  

Cartr idge Pass pluton, Sierra Nevada, Cal i forn ia ,  and concluded t h a t  the  

mineralogical  zonation of t he  Arrow,  Car t r idge  Pass, Lamarck, Paradise, and 

Spook s i l i c i c  granodior i te  plutons i s  accu ra t e ly  r e f l e c t e d  by s p e c i f i c  

grav i ty .  Pe ike r t  (1962; 1965) analyzed the  three-dimensional v a r i a b i l i t y  of 

s p e c i f i c  g rav i ty  and some modal var iab les  i n  the Glen Alpine stock, S i e r r a  

Nevada, Cal i forn ia ,  but  d id  not  eva lua te  the  c o r r e l a t i o n  between these  
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va r i ab le s .  However, i n  a similar three-dimensional s tudy of t he  San I s a b e l  

Grani te ,  Colorado, Whitten and Boyer (1964, Figs.  7 and 8) presented d a t a  

t h a t  s t rong ly  suggest  s i g n i f i c a n t  c o r r e l a t i o n s  between s p e c i f i c  g rav i ty  ( f o r  

powdered rock samples) zlnd weight percentages of var ious  heavy-mineral 

f r a c t i o n s .  Whitten (1968) a l s o  showed t h a t  f o r  t h e  Aulanko Granodior i te ,  

Finland, use  of t h e  t e n  major oxides i n  a l i n e a r  r eg res s ion  equat ion permits  

94.83 per cent  of t he  v a r i a b i l i t y  of s p e c i f i c  grav i ty  t o  b e  predicted.  

Sequent ia l  l i n e a r  r eg res s ion  ana lys i s  of t h e  da t a  given by Moore (1963, 

Tables 11, 12, 13, 24) f o r  t h e  Arrow, Car t r idge  Pass, and Spook plutons 

confirms t h a t  s p e c i f i c  g rav i ty  i s  s t rong ly  co r re l a t ed  wi th  t h e  modal 

components (Table 9 ) ;  t hese  g ran i t e s  have mean co lor  i nd ices  of 13.3, 9.7, 

and 8.4, respec t ive ly .  However, Table 9 a l s o  shows t h a t  t h i s  r e l a t i o n s h i p  

does no t  hold f o r  Bul l f rog  pluton (mean co lo r  index 3.0). For a s m a l l  set 

of d a t a  f o r  t h e  Climax Stock granodior i te ,  Nevada (analyses  from Houser and 

Poole,  1959, and I z e t t ,  19601, t he  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t s  between 

s p e c i f i c  g rav i ty  and each of t h e  major-oxide and modal va r i ab le s  is  less 

than 0.5 (Whitten, 1963, p. 112).  This r e l a t i o n s h i p  is r e f l e c t e d  by Table 

10 ( a l l  va r i ab le s  taken one a t  a t i m e  and even when t h r e e  modal v a r i a b l e s  

are taken a t  a t i m e ) .  However, t h e  oxides taken two o r  more a t  a t i m e  and 

l a r g e  groups of modal va r i ab le s  both permit reasonable  p red ic t ions  of s p e c i f i c  

g rav i ty  wi th  these  da t a .  Cain (1964) also showed on the  b a s i s  of 53 samples 

t h a t  modes have l i t t l e  va lue  i n  p red ic t ing  s p e c i f i c  g rav i ty  of the  Newingham 

Granodior i te ,  W i s  cons in .  

For t h e  Malsburg Grani te  samples, Table 8 shows t h a t  only 53.47 pe r  cent  

of t h e i r  s p e c i f i c  g rav i ty  v a r i a t i o n  can be predic ted  on the  b a s i s  of a l l  ten  

oxides,  and t h r e e  s p a t i a l  coordinates .  Although only accounting f o r  37.76 

per cen t ,  it is  s u r p r i s i n g  t h a t  CaO provides the  b e s t  p red ic t ion  on t h e  

b a s i s  of a s i n g l e  oxide.  I n  an at tempt  t o  f i n d  those f a c t o r s  t h a t  con t ro l  



1 

~ a b l e  9. - 'Best' p r e d i c t i o n s  of s p e c i f i c  g r a v i t y  on the 'basis of mo6es of plu tons  i n  t h e  F:ount Tfnchot 
Quadrangle, C a l i f o r n i a  (da ta  from Moore, 1963) us ing  s e q u e n t i a l  l inear  regressior l  ana lys i s .  

Number of 
modal 
va r i  ab l e  s 
taken a t  
a t i m e  

- 

1 

2 

3 

Arrow Pluton 
N = 18 - 

Independent Sum of 
v a r i a b l e s  sqvares  

reduct ion  2 >? 

Plag ioc la se  61.28 

K-feldspar 51.74 

Pyroxene 27.55 

P lag ioc la se ,  
b i o t i t e  72.35 

Plagioclase, 
co lo r  index 68.35 

Quartz, K-feldspar 68.05 

P lag ioc la se ,  
b i o t i t e ,  opaque 
accesso r i e s  74.18 

Plag ioc lase ,  opaque 
accesso r i e s ,  
co lo r  index 72.90 

Plagioclnse, 
b i o t i  tc, nonopaque 
a c c c s R o r ie s 72.60 

Bul l f rog  Plu ton  
N = 27 - 

Independent Sum of  
v a r i a b l e s  squares  

Ot reduct ion  
/.% A 

10.23 

Color index 7.91 

Nonopaque 
accesso r i e s  7.86 

Opaque accesso r i e s ,  
color index 19.50 

P e r t h i t e ,  b i o t i t e  16.45 

B i o t i t e ,  opaque 
accesso r i e s  14.39 

P e r t h i t e ,  opaque 
accesso r i e s , co lo r  
index 30.04 

Quartz, opaque 
accesso r i e s ,  
co lo r  index 27.64 

P e r t h i t e ,  b i o t i t e ,  
opaque 
accesso r i e s  23.25 

Car t r idge  Pass P lu ton  
N = 45 - 

Independent sum of 
v a r i a b l e s  squares  

reduct ion  
9: 

Hornblende 76.89 

Color index 75.29 

B i o t i t e  65.24. 

K-f e ldspa r  , 
hornb lende 80.72 

P lag ioc la se ,  
hornblende 80.35 

P lag ioc la se ,  
co lo r  index 78.65 

Quartz,  K-feldspar, 
hornblende 81.53 

P lag ioc la se ,  b i o t i t e ,  
hornblende 81.45 

K-Eeldspar, 

- hornblende 81.26 
p l ag ioc la se ,  

Spoolc Pluton 
N = 2 1  

Independent Sum of 

- 

v a r i a b l e s  squares  
reduct ion  
% ,+ 

Hornblende 53.18 

Color index 33.38 

K-feldspar 30.64 

K-feldspar, 
hornblende . 65.99 

K-feldspar, 
co lo r  index 61.56 

P lag ioc la se  , 
I__ hornblende 5 9 a 5  

K-feldspar, hornblende, 
nonopaque accesso r i e s  

GS. 49 

K-feldspar. 
hornblende, 
c o l o r  index 67.87 

K-f e ld spa r  , 
b i o t i t e ,  
liornb lende 6- 

* Maximum wi th  all. ' independent'  modal v a r i a b l e s  - 78.91% f o r  Arrow, 37.28% f o r  Bul l f rog ,  82.29% f o r  Car t r idge  

- N = Number of: samples n v a i l a b l e  
Pass, and 71.81% f o r  Spook Pluton. 



Table 10. - ~ ~ ~ ~ t f  p r e d i c t i o n s  of S p e c i f i c  g r a v i t y  fo r  t h e  Climax Stock Granodior i te ,  Nevada, using 
s e q u e n t i a l  l inear  regress ion  ana lys i s .  

Suinber of 
v a r i a b l e s  
takcn a t  
a t i m e  

, 

Independent Sum of 

J( 
Data subse t  1 

X = 24 - 

2 

Elevat ion ,  Si02,  lCzO 137.29 

v a r i a b l e s  squares  
reduct ion  

1 

K20 

CaO 

53.48 

39.23 

I MgO 21.28 

S i 0 2 ,  CaO 72.04 

1 Na 0 ,  K 2 0  2 2 71 .42  

Ca3, Na20 70.10 

** 
Data subse t  2 

N = 20 - 

Independent Sum of 
v a r i a b l e s  squares 

reduct  i on  

Magnetics 20.95 

Elevat ion 20.26 

C h l o r i t e  14.99 

Elevat ion ,  magnetics 48.92 

Elevat ion ,  p l ag ioc la se  28.86 

Elevat ion ,  b i o t i t e  28.27 

Elevat ion ,  qua r t z ,  
magnetics 52.02 

Elevat ion ,  p l ag ioc la se ,  
magnetics 51.43 

Elevotion, b i o t i t e ,  
magnetics 50.26 

*** 
Data subse t  3 

- N = 16 

Sum of 

reduct ion  % 

Independent 
v a r i a b l e s  squares  

Eleva t ion  31. as 
Magnetics 18.45 

S u s c e p t i b i l i t y  16.27 

Elevat ion ,  magnetics 49.90 

Elevat ion ,  c h l o r i t e  38.81 

S u s c e p t i b i l i t y ,  
magnetics 32. 88 

Elevat ion ,  c h l o r i t e ,  
magnetics 57.39 

S u s c e p t i b i l i t y ,  53.73 
c h l o r i t e ,  magnetics 

Eleva t ion ,  p l ag ioc la se ,  
rnagne t ics  51.68 

Eight v a r i a b l e s  - elevation, SiQ2, A1203, t o t a l  i r o n ,  MgO, CaO, Na20, and K 0; maximum sum of squares  wi th  a l l  
v a r i a b l e s  94.68 per  ccnt .  

Seven v a r i n b l e s  - e l e v a t i o n ,  plagioclase,  K-feldspar, qua r t z ,  b i o t i t e ,  and c h l o r i t e  volume pe r  cent, and weight 
pe r  cent  of magnetics; Ii laXin1ut l l  sum of squares with all v a r i a b l e s  55.80 per  cant .  

aig!it v a r i a b l e s  - e l e v a t i o n ,  rnagnctic s u s c e p t i b i l i t y ,  p l ag ioc la se ,  X-feldspar, quar tz ,  b i o t i t e ,  and c h l o r i t e  
volume p e r  cen t ,  and weii;l it  pcr cent  of magnetics; maximum sum of squares  wi th  a l l  v a r i a b l e s  77.19 per cent .  

2 

2 

3 -. 

-- h' - number of samples i n  sub:;ci~ 



9. Var ia t ion  of K20 weight percentage i n  the  'o lder  g r a n i t e '  of t he  Bunbeg-Thorr 

area, Donegal, E i r e ;  based on analyses  of rock from the  114 l o c a l i t i e s  

ind ica ted .  The two maps are d i f f e r e n t  but equal ly-va l id  manually contoured 

r ep resen ta t ions  of the same  r a w  da ta .  Af t e r  Whitten, 1966b. 
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s p e c i f i c  g rav i ty  i n  the  Malsburg Granite, Rein 's  (1961) modal values and 

the  four  main nonnative components were included with the  chemical analyses  

before  recomputing the  l i n e a r  regress ion  r e l a t i o n s h i p s .  CaO remains the  "best" 

s i n g l e  va r i ab le  (Table 8) and the  "best" p a i r  of va r i ab le s  i s  C a O  w i t h  modal 

hornblende; modal hornblende with nonnative a n o r t h i t e  percentage gives  the  

"next-best ' '  p a i r .  Such r e l a t ionsh ips  can be r a t i o n a l i z e d  i n  terms of 

petrography although they are d i s s i m i l a r  t o  those for ,  say, the Aulanko 

Granodiorite.  

These r e s u l t s  f o r  samples from d i f f e r e n t  g ran i t e  masses a r e  perplexing. 

It is  not  known, f o r  example, what c h a r a c t e r i s t i c s  cause s p e c i f i c  g rav i ty  t o  

be p red ic t ab le  i n  sane grani tes ,  bu t  not i n  o thers .  Lack of p r e d i c t a b i l i t y  

may r e s u l t  from poor chemical analyses ,  c l e r i c a l  e r ro r s ,  or real d i f f e rences  

i n  composition between the  material used f o r  chemical or modal ana lys i s  and 

t h a t  used f o r  d e n s i t y  determinat ion.  The la t te r  could r e a d i l y  occur i f  

var iances  are l a rge  a t  the  l e v e l  of small samples and analyses  are made f o r  

p a r t  of a l a r g e r  sample weighed f o r  s p e c i f i c  grav i ty  measurement. 

more is  known about the  f a c t o r s  c o n t r o l l i n g  such co r re l a t ions ,  p red ic t ions  

Un t i l  

cannot be extended t o  specimens from the  sampled population of g ran i t e  

complexes t h a t  have not  been subjected t o  preliminary s tudy ( l e t  a lone be 

extended t o  most poss ib l e  t a r g e t  populat ions) .  

Trend-surface maps f o r  s i n g l e  dependent va r i ab le s  

It must be recognized t h a t  i n  computing t rend components many assumptions 

are made about the  da t a .  Baird, e t  a l . ,  (1964, 1965) considered the  

s ign i f i cance  of ind iv idua l  chemical analyses  before a t tempt ing  t o  map the  

chemical composition and v a r i a b i l i t y  of a g ran i t e  pluton. 

each va r i ab le  has a d i f f e r e n t  var iance i n  samples of a given s i z e  and t h a t  the  

It is  w e l l  known t h a t  

cmponents  of var iance a t  d i f f e r e n t  l e v e l s  of sampling vary i n  a d i f f e r e n t  

complex manner f o r  each va r i ab le .  These problems which s i g n i f i c a n t l y  a f f e c t  
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sampling are a d d i t i o n a l  t o  those concerning t h e  a n a l y t i c a l  accuracy f o r  each *a 

s e l e c t e d  sample. Very l i t t l e  is  known about the l e v e l s  of var iance i n  

d i f f e r e n t  plutons.  Baird, e t  a l .  r e f e r r e d  t o  the  Rat t lesnake Pluton, Cal i forn ia  

and it is  probable t h a t  equal ly  complex, b u t  d i f f e r e n t ,  r e l a t i o n s h i p s  occur i n  

o the r  plutons (cf., Rhodes, 1969). 

Once a set of analyses  has  been acquired f o r  t he  sampled populat ion it is 

custcinary t o  assess t h e i r  p a t t e r n  of s p a t i a l  v a r i a b i l i t y ;  it i s  cammonly 

i m p l i c i t l y  (but erroneously)  assumed t h a t  t he  p a t t e r n  is t h a t  of t he  t a r g e t  

populat ion too.  The v a r i a b i l i t y  can be assessed  sub jec t ive ly  by drawing manual 

contours although, because the re  is no information about t he  behavior of t he  

var iab les 'be tween the  a c t u a l  sample sites, a n  i n f i n i t e  number of d i s s i m i l a r  

maps can be drawn (Whitten, 1966b). Figure 9 i l l u s t r a t e s  two poss ib le  

sub jec t ive  contour maps f o r  114 unpublished analyses  of K 0 f o r  the "older  

grani te ' '  of Donegal, Eire. Neither map v i o l a t e s  the  da t a .  The method permits 

t he  geologis t  t o  incorporate  appropr i a t e  sub jec t ive  geological  f a c t o r s  i n  the  

f i n a l  map. Cammonly, however, one of the many q u a n t i t a t i v e  ob jec t ive  methods 

of dep ic t ing  the  s p a t i a l  v a r i a b i l i t y  of mapped va r i ab le s  has  been used. 

Polynurnial t rend-surface a n a l y s i s  permits the  reg iona l  and l o c a l  components of 

v a r i a b i l i t y  of a set of samples t o  be mapped separa te ly ;  i t  i s  i l l u s t r a t e d  

here .  Other l i n e a r  ( g . g . ,  double Fourier  S e r i e s )  and nonl inear  t rend su r faces  

could be used, although s e l e c t i o n  of one of these models would be more 

appropr i a t e  when t h e  na ture  and underlying pe t rogenet ic  causes of t h e  spa t i a2  

v a r i a b i l i t y  are more c l e a r l y  understood. 

2 

Table 11 l is ts  the proport ions of the t o t a l  sums of squares  a s soc ia t ed  

wi th  polynomial t rend  camponents (ca lcu la ted  with t h e  computer program published 

by Whitten e t  al . ,  1965) for  Mehnert and W i l l g a l l i s '  (1961) alkalis, Whitten's  

chemical analyses  (Table l), and Hahn-Weinheimer and Ackennann"s (1967) analyses  

of e i g h t  elements.  



Table 11. - Percentages of t o t a l  sums of squares a s soc ia t ed  with polynomial t rend sur faces  f o r  
t he  Malsburg Granite.  

Var iab  l e  s 

mo geographic independent 
va r i ab le s  @,V) only 

Degree 1 Degree 2 Degree 3 
3 coe€fi-  6 coe f f i -  10 coe f f i -  

c i e n t s  c i e n t s  c i e n t s  

T i  w t .  per  cent  22.18 
Z r  ppm x 10-2 15.47 
p PPm 14.45 
S r  22.43 
Ba 22.56 
Rb 3.87 
K w t .  per  cen t  1.49 
Na w t .  per  cen t  11.96 

Spec i f i c  g rav i ty  
S i 0 2  w t .  per  cen t  

2 O3 
Fe2°3 
Fe 0 
MgO 
Ca 0 
Na20 
K 2 0  
T i 0 2  
p2°5 

32.62 41.68 
26.06 28.78 
32.51 49.58 
50.14 66.07 
39.60 63.81 
32.45 35.91 
39.69 44.83 
32.23 33 28 

2,85 
15.51 
15.57 

7.23 
18.35 
10.86 
3.36 
0.49 
4.71 

13.16 
10.59 

K20 w t .  per  cen t  
Na20 w t .  pe r  cen t  

8.33 
20.89 
17.33 
8.98 

19.11 
23 -04 
4.44 

17.25 
17.54 
21.24 
11 73 

31.91 
27.82 

25.78 
23.60 
23.27 
20.30 
25.13 
28.18 
24.49 
22.16 
22.94 
29.26 
19.14 

Degree 4 
15  coe f f i -  

c i e n t s  

41.89 
25.77 
40.31 
28.88 
32.48 
29.76 
42.02 
47.04 
39.76 
30.65 
43.62 

48.20 
35.32 
59.83 
70.16 
69.56 
37.85 
52.01 
44.45 

33.28 
34.76 

Degree 5 
21 coe f f i -  

c i e n t s  

51.45 
32.55 
67.81 
65.70 
48.61 
44 99 
54.22 
55.91 
62.50 
37.36 
48.26 

55.26 
38.38 
70.47 
73.77 
77.50 
45.05 
59.26 
51.30 

~ 

42.22 
53.16 

Three s p a t i a l  independent 
va r i ab le s  (g,V, - W) 

Degree 2 
10 coe f f i -  

c i e n t s  

13.65 
29.18 
29.79 
21.73 
24.45 
27.93 
14.65 
26.50 
23.15 
28.01 
17.51 

44.98 
37.62 
43.13 
58.89 
48.94 
40.37 
45.18 
36.13 

32.45 
30.46 

Degree 3 
20 c o e f f i -  

c i e n t s  

50.25 
58.56 U 
70.86 
57.92 D 
49.42 
52.19 U 
45.96 D 
54.44 
49.09 D 
55.39 u 
48.52 

56'.83 
46.16 U 
67.69 
73.30 
69.74 D 
50.04 
53.15 D 
44.03 D 

47.43 
45.61 D 

N = number of samples; U = sum of squares f o r  g, 5 
f o r  2, 1 degree 5;  and D sum of squares appreciably smaller. 

degree 3 appreciably greater than 
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For the  Malsburg Granite data ,  the  low degree t rend sur faces  based on 

- U and 1 only are almost a l l  assoc ia ted  wi th  s m a l l  sums of squares predicted 

(Table 11); S r  and B a  are exceptions.  This implies t ha t ,  f o r  most var iab les ,  

the  devia t ions  are l a r g e  by comparison with the  degree one, two, and th ree  

reg iona l  grad ien ts  and tha t ,  f o r  each var iab le ,  the v a r i a b i l i t y  of the  samples 

analyzed has  a complex local pa t t e rn .  The regional  grad ien ts  are shown i n  

Figures 10, 11, and 12 .  For Whitten's  chemical analyses  and s p e c i f i c  grav i ty  

only 37 sample si tes are a v a i l a b l e  so t h a t  sur faces  of higher  degree than 

t h i r d  (with 10 c o e f f i c i e n t s )  should not be ca lcu la ted ,  no matter what proportion 

of t he  v a r i a b i l i t y  i s  accounted f o r .  For the  trace elements (Fig. 12) ,  64 

samples were used and the  degrees of freedom make i t  poss ib le  t o  use t rend 

sur faces  up t o  the  f i f t h  degree (which r equ i r e  21  c o e f f i c i e n t s  i n  the  po lynmia l  

equat ion) .  For the  alkalis, maps (Fig. 11) are presented f o r  a l l  t h ree  

independent s e t s  of chemical analyses;  degree 3 or  degree 5 sur faces  are 

i l l u s t r a t e d  depending on the number of degrees of freedoin assoc ia ted  with each 

da ta  set .  

petrographers as a n  adequate representa t ion  of the pluton and serve  as a b a s i s  

Because each group of a lka l i  analyses  would be accepted by many 

f o r  pe t rogenet ic  conclusions,  i t  is  i n s t r u c t i v e  t o  compare and c o n t r a s t  these  

th ree  p a i r s  of maps more thoroughly. 

Without very c a r e f u l  evaluat ion,  such trend maps could r e a d i l y  give 

erroneous concepts about both the  sampled and the  t a r g e t  populations.  Confidence 

l e v e l s  can be assoc ia ted  with each trend component (see Dawson and Whitten, 1962, 

p. 8; Whitten, 1963; Chayes, 1970) and, when considered separately,  most of the  

l i n e a r ,  quadrat ic ,  and cubic components f o r  Whitten's chemical ana lys i s  d a t a  

(Figs. 10 and 11) have no s i g n i f i c a n t  confidence l e v e l .  

demonstrated very c l e a r l y  by scanning the g2-arrays which can be computed by 

using orthogonal polynomials f o r  the  i r regular ly-spaced da ta  (Whitten, 1970B); 

The s i t u a t i o n  is 
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2 f o r  these data ,  t r i v i a l  values  occupy the  top l e f t  corner  of t he  -a r rays  

i n  most cases .  The ' bes t '  a r r a y  is t h a t  f o r  T i02 ,  while Si02, A1203y Fe203y 

FeO, MgO, K 0, and P 0 have one o r  two reasonably s t rong  l i n e a r  terms 

surrounded by t r i v i a l  terms i n  the  $-array (Table 12) .  

t h a t  the a v a i l a b l e  da t a  provide only a poor b a s i s  f o r  eva lua t ing  the s p a t i a l  

2 2 5  

Such evidence confirms 

v a r i a b i l i t y  of the  sampled population ( l e t  a lone the  t a r g e t  populat ion) .  

Weight percentages have been used f o r  these maps because it i s  customary 

t o  use t h i s  u n i t  i n  petrology although, i n  mapping s p a t i a l  v a r i a b i l i t y  wi th in  

a rock un i t ,  the  more appropr ia te  units are weights per u n i t  volume. 

i s  known f o r  the  37 analyzed samples, so the  oxides can be expressed i n  

g m / l O O  cc . ;  al though no longer percentages, the  r e s t r a i n t s  of closed-number 

t ab le s  s t i l l  apply t o  such data ,  which y i e l d  s l i g h t l y  d i f f e r e n t  t rend 

components and d i f f e r e n t  c o r r e l a t i o n  coe f f i c i en t s .  

Density 

Because the  samples w e r e  co l l ec t ed  from sites with a v e r t i c a l  range of 

some 620 meters, po lynmia l  hypersurfaces (up t o  the  t h i r d  degree) were a l s o  

ca l cu la t ed  with the  computer program published by P e i k e r t  (1963). Inclusion 

of e l eva t ion  (E) as an independent va r i ab le  r e s u l t s  i n  marked increases  i n  

the  t o t a l  sums of squares assoc ia ted  wi th  equations of the  same degree (Table 11). 

P e i k e r t  (g .g . ,  1962, 1965) and Whitten (g .g . ,  1962) suggested t h a t  t he  

increased proport ions of the  t o t a l  sums of squares assoc ia ted  with t h i r d  degree 

polyncnnials when e l eva t ion  is  included ( i n  add i t ion  t o  geographic coordinates) ,  

implies t h a t  t he re  i s  a s i g n i f i c a n t  amount of v e r t i c a l  mineralogical  

v a r i a b i l i t y  wi th in  the  sampled populations s tudied.  For some grani tes ,  it w a s  

suggested t h a t  the  v e r t i c a l  rates of change are greater than those i n  the  

ho r i zon ta l  plane. It is important t o  recognize, however, t h a t  degree- three 

- UVW-hypersurfaces involve 20 c o e f f i c i e n t s  and t h a t  i t  i s  poss ib ly  more appropr ia te  

t o  compare them with the  degree 5 %-surfaces which have approximately the  same 

number of c o e f f i c i e n t s  . 



Table 12.  - Examples of z2-arrays for  the Whitten chemical analyses (N = 37); 
limit of complete trend indicated by the l ine :  
weight percentages. 

T i 0 2  and FeO 

- ti02 - 
0.04 0 .02  0.01 I 0.00 0.00 0.01 0.01 0.01 

0.00 0.00 0.02 0.01 0.00 0.01 

0.00 0.00 0.00 0.16 0.02  

0.00 0.00 0.08 0.07 

0.00 0.00 0.01 0.02 0.01 

0.01 0.00 0.01 0.00 

0.01 0.00 0.00 

0.03 0.03 

0.04 

0.26 

1.55 1o.00: 
0.07 0.01 

0.00 0.14 

0.07 0.04 

0.08 0.34 

0.01 0.05 

oeoo 

0.17 

0.01 

0.06  

0.00 

0.07 

0.04 

0.41  0.49 1.06 0.01 

0.02 0.30 0.19 0.56 

0.06 0.01 1.67 0 .31  

0.27 0.78 1.50 

0.01 0.46 

0.03 

0.15 0.20 

0.19 

0.17 0.41 

0.45 



10. Degree 3 polynomial t rend sur faces  f o r  t he  Malsburg Grani te  computed f o r  1, 1, 

and the  analyses  l i s t e d  i n  Table 1; the 37 sample l o c a l i t i e s  a r e  shown on the  

s p e c i f i c  g rav i ty  map and SS ind ica t e s  the  percentage of the  t o t a l  sum of 

squares assoc ia ted  with each surface.  



11. Polynomial t rend su r faces  f o r  t he  Malsburg Granite:  computed f o r  ,V, 1, and 

the t h r e e  independent sets of a lka l i  analyses  by Mehnert and W i l l g a l l i s  

(M & W ) ,  Whitten (W), and Hahn-Weinheimer and Ackemann (H-W & A ) ;  degree 5 

(D5) and degree 3 (D3) su r faces  are i l l u s t r a t e d  and SS r e f e r s  t o  t h e  

percentage of the  t o t a l  sum of squares a s soc ia t ed  with each sur face .  N i s  the  

number of sample l o c a l i t i e s  used €or  each p a i r  of maps ( the  actual sites are 

shown on the  Na20 o r  N a  map). 





1 2 .  Degree 5 polynomial trend su r faces  f o r  the Malsburg Granite: computed f o r  

- U, 2, and the 64 s e t s  of analyses from Hahn-Weinheimer and Ackermann. 

sample l o c a l i t i e s  a r e  shown on the P map; SS ind ica t e s  the percentage of the 

The 64 

t o t a l  sum of squares a s soc ia t ed  with each su r face .  

S S 38-30 



13. Horizontal  s e c t i o n s  (at  725 meters above sea l e v e l )  through the  polynanial  

t rend hypersurface’s f o r  TJ, 1, Id, and the  th ree  independent sets of a lka l i  

ana lyses  by Mehnert and W i l l g a l l i s  (M & W), Whitten (W), and Hahn-Weinheimer and 

Ackermann (H-W & A ) ;  degree 3 (D3) and degree 2 (D2) su r faces  are i l l u s t r a t e d  

and SS refers t o  the  percentage of the  t o t a l  sum of squares a s soc ia t ed  with 

each hypersurface.  

maps ( the a c t u a l  s i tes  are shown on the Na20 o r  N a  map). 

N i s  the  number of sample l o c a l i t i e s  used f o r  each p a i r  of 
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The r e s t r a i n t s  applying t o  i n t e r p r e t a t i o n  of the  U'J-maps obviously apply 

t o  the  =-trend components and make it d i f f i c u l t  t o  draw meaningful 

conclusions f o r  the  present  da t a  set. 

- UVW-hypersurfaces (Table 11) show t h a t  inc lus ion  of e l eva t ion  y i e l d s  important 

sums of squares increases  for S i 0  

f o r  Fe203, CaO, Whitten's  K20, Bay N a y  and Mehnert and W i l l g a l l i s '  N a  0. 

the va r i ab le s  showing increases ,  there  i s  possibly important v e r t i c a l  

The degree 5 =-surfaces and degree 3 

MgO, Ti02,  and Z r  and important decreases  

For 

2' 

2 

v a r i a b i l i t y .  By con t r a s t ,  the  decreases  suggest  va r i ab le s  f o r  which v e r t i c a l  

v a r i a b i l i t y  i s  r e l a t i v e l y  less important and f o r  which a g rea t e r  proport ion 

of the  t o t a l  v a r i a b i l i t y  of the sampled population is accounted f o r  by more 

complex areal v a r i a b i l i t y  pa t t e rns .  

To i l l u s t r a t e  the  e f f e c t  of including e leva t ion ,  ho r i zon ta l  s ec t ions  

through the  polynomial hypersurfaces  a t  725 meters above sea l e v e l  (roughly 

the  mean e l eva t ion  of the  sample s i t e s )  f o r  the  three  sets of alkali  analyses  

a r e  given i n  Figure 13. These maps should be compared and cont ras ted  with 

those i n  Figure 11 f o r  the same data ,  bu t  with e l eva t ion  ignored. Of course, 

Figure 13 r e f l e c t s  v e r t i c a l  as w e l l  as ho r i zon ta l  ex t rapola t ions  because the  

725 meter plane is  e i t h e r  above o r  below the sample sur face  (ground l e v e l )  

over most of the  map area. 

The l i m i t a t i o n s  of polynomial trend sur faces  ( p a r t i c u l a r l y  when 

in t e rpo la t ion  and ex t r apo la t ion  are involved) have been widely discussed &.g., 

Whitten, 1966a, Merriam and Cocke, 1967, Chayes, 1970). A wide range of 

problems t h a t  a f f e c t  the  usefulness  of ind iv idua l  sur faces  has been recognized 

@.g., s e l e c t i o n  of the  trend, evaluat ion of deviat ions,  boundary e f f e c t s ,  

spacing of da t a  points ,  change of variance over map area, e t c . ) .  The l imi ted  

amount of da t a  a v a i l a b l e  f o r  t he  Malsburg Granite,makes it uncer ta in  (or even 

unl ike ly)  whether Figures 10, 11, 12, and 13 provide a realist ic p i c t u r e  of 

the  reg iona l  v a r i a t i o n  of e i t h e r  the  sampled o r  the  t a r g e t  population. Even JC 
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* 
For t h i s  purpose, t h e  t a r g e t  populat ion i s  def ined as a l l  those hand-sample 

s i z e  samples t h a t  t h e o r e t i c a l l y  comprise t h e  whole mapped ex ten t  of t h e  

Malsburg Grani te .  

i f  high confidence could be  a s soc ia t ed  wi th  t h e  t rend  components, s ta t i s t ica l  

inferences  cannot be  made about t h e  t a r g e t  populat ion on t h e  b a s i s  of t rend  

components; subs t an t ive  geologica l  reasoning can be  used, b u t  t h i s  (as i n  most 

o the r  petrographic  s t u d i e s )  i s  f raught  wi th  immense problems because s o  l i t t l e  

is  known about t h e  l e v e l s  of var iance  of t h e  several v a r i a b l e s  involved. Also, 

i t  would be  d i f f i c u l t  t o  i n t e g r a t e  a general ized p i c t u r e  of g r a n i t e  v a r i a b i l i t y  

on t h e  b a s i s  of s epa ra t e  maps of 19 d i f f e r e n t  va r i ab le s .  A mul t iva r i a t e  

approach, permi t t ing  simultaneous cons idera t ion  of some, o r  a l l ,  of t h e  

measured va r i ab le s ,  would have d i s t i n c t  advantages. Such a method i s  ou t l ined  

i n  t h e  next  s ec t ion .  

Mapping several v a r i a b l e s  simultaneously 

I n  a preceding s e c t i o n  at tempts  were made t o  determine the  e f f i c i ency  wi th  

which t h e  a v a i l a b l e  d a t a  f o r  t he  sampled populat ions permit retrieval of 

Mehnert and W i l l g a l l i s '  (1961) mapped zones of t he  Malsburg Granite. An 

a l t e r n a t i v e  approach is t o  use  Q-mode factor-vector  ana lys i s  t o  d e t e c t ,  

emphasize, and map t h e  n a t u r a l  r e l a t i o n s h i p s  between t h e  a v a i l a b l e  samples. I n  

Q-mode f a c t o r  ana lys i s ,  n s i g n i f i c a n t  f a c t o r s  are s e l e c t e d  and t h e  specimens 

t h a t  most c lose ly  c o r r e l a t e  w i th  each of t he  f a c t o r s  are found. Each o ther  

sample is  then expressed numerically as proport ions of t h e  g s a m p l e s  chosen 

t o  approximate each of t h e  n f a c t o r s .  

p l o t t i n g  and contouring t h e  numerical va lues  f o r  each specimen on t h e  base  

map. 

and Krumbein and Grayb i l l  (1965, pp. 368 ,  402) .  

Maps can be prepared f o r  each f a c t o r  by 

The mathematical bases f o r  such analyses  w e r e  r e s t a t e d  by Imbrie (1963) 
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Garrett (1967) published the  c m p u t e r  program ( l imi t ed  t o  use with 100 

samples and 25 va r i ab le s )  used i n  the present  work. The program permits d a t a  

f o r  each va r i ab le  t o  be transformed i n t o  a 0-100 s c a l e  s o  t h a t  each v a r i a b l e  

has an  equal weight i n  the  Q-mode ana lys i s .*  The number of f a c t o r s  adequate 

*Data normalizat ion i s  necessary when major and t r a c e  components are used 

together ,  but it is  questionable whether equal weight should be given t o  each 

va r i ab le .  I f  a n a l y t i c a l  accuracy is not t h e  same  f o r  a l l  var iables ,  sme would 

favor giving e x t r a  weight t o  t h e  more accu ra t e  (e., Rhodes, 1969); more complete 

var iance  information f o r  each va r i ab le  ( f o r  samples of t h e  s i z e  analyzed) might 

j u s t i f y  a s s ign ing  unequal weights t o  va r i ab le s .  

t o  desc r ibe  a l l  of t he  samples is ccnmnonly decided on the  b a s i s  of t h e  s i z e  of 

t h e  eigenvalues of t h e  sample c o r r e l a t i o n  matrix;  t h ree  r ep resen ta t ive  sets of 

eigenvalues are l i s t e d  i n  Table 13. 

on the b a s i s  of two, three,  o r  four  f a c t o r s .  However, Table 13 shows t h a t  one 

f a c t o r  accounts f o r  an overwhelming proport ion of the t o t a l  v a r i a b i l i t y ;  analogous 

(or  even more marked) s i t u a t i o n s  occur f o r  the o ther  d a t a  subse ts  t e s t e d .  Thus, 

f o r  t h e  p re sen t  d a t a  f o r  t h e  sampled populat ion of t h e  Malsburg Granite, it appears 

t h a t  use of two f a c t o r s  provides an adequate r ep resen ta t ion  of t h e i r  s p a t i a l  

v a r i a b i l i t y  . 

Maps were prepared f o r  s eve ra l  d a t a  subse ts  

S l i g h t l y  d i s s i m i l a r  r e s u l t s  are obtained when d i f f e r e n t  subse ts  of the measured 

d a t a  are used. Three of the many subse ts  examined are described here, G: 

(i) 25 va r i ab le s  f o r  36 specimens: s p e c i f i c  gravi ty ,  10 Whitten's 

chemical analyses,  7 Rein's modal values, and 7 normative values.  

(ii) 8 va r i ab le s  f o r  64 samples: Hahn-Weinheimer and Ackermann's chemical 

ana lyses .  

(iii) 7 v a r i a b l e s  f o r  100 samples: Rein's  modal values.  



Table 13. - Eigenvalues of some sample c o r r e l a t i o n  matr ices  used f o r  Q-mode €actor  
ana lys i s  of the Malsburg Granite.  

Data subset  ( i )  

Cumulative % of 

36 f a c t o r s  
Factor  Eigenvalue communality over 

1st 31.316 87.0 

2nd 1,647 91.6 

3rd .735 93.6 

4 th  .573 95.2 

5 t h  .431 96.4 

6th .337 97.3 

7th .200 97.9 

8 th  .192 98.4 

9 t h  .140 98.8 

Data subset  (ii) 

Cumulative % of 

64 f a c t o r s  
Eigenvalue communality over 

57.429 89.7 

3.360 95.0 

1 .a25 97.8 

.755 99 .o 

,258 99.4 

.204 99.7 

.126 99.9 

.043 100.0 

.ooo 100.0 

~ 

Data subset  ( t i )  
with e l eva t ion  included 

j 
87.9 

I 92.8 

96.2 

, 98.3 

99.2 

99.5 

99 .a 

99.9 

100,o 

Eigenvalue 
Cumulative % of 
communality over 
64 f a c t o r s  

56.287 

3.083 

2.173 

1.402 

.539 

.213 

,175 

,093 

.036 
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Each subset  r ep resen t s  a d i f f e r e n t  sampled population. 

analyses  and subse ts  ( i i )  and ( i i i )  w e r e  a l s o  re-run with e l eva t ion  included 

as an  e x t r a  va r i ab le .  

Whitten's  chemical 

Figure 14A is  based on subset  (i) and the  zonation from nor theas t  t o  

southwest is c l e a r ,  al though there  are s i g n i f i c a n t  d i f f e rences  and anomalies when 

these zones are compared with the subdivis ions of Mehnert and W i l l g a l l i s  (1961). 

Because it w a s  poss ib le  t h a t  e i t h e r  the  chemical components o r  the  modes might 

have been c o n t r o l l i n g  the  map p a t t e r n  (Fig. 14A), these groups of va r i ab le s  

w e r e  analyzed sepa ra t e ly  (Figs .  14C and 14E); the  lat ter maps show tha t ,  f o r  

both groups of var iab les  (canbined with e l eva t ion  as an  add i t iona l  va r i ab le ) ,  

t h i s  sampled population y i e lds  pa t t e rns  remarkably s i m i l a r  t o  Figure 14A. 

the  modal map (Fig. 14E), specimens 52, 177, and 195 are very anomalous i n  

terms of the  reg iona l  p a t t e r n  of v a r i a b i l i t y .  Specimen 195 (and t o  a lesser 

ex ten t  177) are a l s o  anomalous i n  the oxide map (Fig. 14C). 

For 

The e f f e c t  of e l eva t ion  as an add i t iona l  va r i ab le  is appreciable.  Figure 

14B shows the  Q-mode map f o r  Hahn-Weinheimer and Ackermann's analyses  of e i g h t  

va r i ab le s  f o r  64 samples (subset  i i ) ;  the  same da ta  together  with e l eva t ion  

are the  b a s i s  of Figure 14D. Although these  maps have analogies ,  d i s s i m i l a r i t i e s  

i n  the  c e n t r a l  and southeastern areas ind ica t e  t h a t  t h e r e  i s  s i g n i f i c a n t  chemical 

v a r i a b i l i t y  i n  the l imi ted  v e r t i c a l  dimension exposed and represented by t h i s  

sampled population. In  these two maps, specimens 52, 118, and 187 are anomalous 

(but 177 is not ) ;  specimen 195 w a s  not included i n  t h i s  subse t .  

Figure 14F is based on 100 of Rein 's  modes and the  e leva t ions  of each sample 

s i t e  (subset  i i i ) ;  the  36 specimens used f o r  Figure 14E are a l l  included together  

wi th  64 other  samples chosen (with the  a i d  of a random number t ab le )  from the  

110 samples analyzed by Mehnert and W i l l g a l l i s .  

the  southwest margin of the  g r a n i t e  i n  Figure 14F OCCUTS i n  areas t h a t  are 

d a t a l e s s  f o r  Figure 14E. Geologically, i t  would seem t o  be s i g n i f i c a n t  t ha t ,  

when the  da t a  used f o r  Figure 14F are represented by th ree  f ac to r s ,  the  highs 

Much of the  canplexi ty  near  



14. Q-mode f a c t o r  a n a l y s i s  maps for  the  Malsburg Granite.  
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are accounted f o r  by two sepa ra t e  f ac to r s .  

(Fig. 14F) is due t o  f a c t o r  2 and t h a t  a t  the  western margin t o  f a c t o r  3;  t he  

s m a l l  high a t  the  south i s  produced by a combination of f a c t o r s  2 and 3 .  

The high on t h e  eas t e rn  margin 

Specimens 52 and 177 have very s m a l l  values i n  Figure 14F by comparison with 

neighboring specimens, although 47 (banediately southwest of 52) has  a n  almost 

i d e n t i c a l  value t o  52. This suggests  t h a t  similar rock composes 47 and 52 and 

t h a t  it is  d i f f e r e n t  from the  rock of surrounding areas, r a t h e r  than t h a t  t he  

modal analyses  (and chemical analyses  i n  Figure 14D) are i n  e r r o r .  

The s i x  maps i n  Figure 14 were manually contoured and q u i t e  d i f f e r e n t  

contour configurat ions could be drawn without v i o l a t i o n  of the  da t a  (cf., Fig.  

9 ) ;  the information contoured i n  these Q-mode maps could have been smoothed by 

t rend sur face  methods. In  any a n a l y s i s  of the  Malsburg Gran i t e ,  or  d i scuss ion  

of the  pe t rogenet ic  development of the pluton, the d e t a i l e d  similarities and 

d i f f e rences  shown by the  six maps need t o  be examined i n  d e t a i l .  Despite l oca l  

d i f fe rences ,  the  marked s i m i l a r i t y  of the  reg iona l  zonation shown by a l l  s i x  

maps is impressive. The r e s u l t s  presented earlier i n  t h i s  paper keg., 

discr iminant  analyses ,  co r re l a t ions ,  e t c .  ) had suggested t h a t  the  ava i l ab le  

va r i ab le s  do no t  s t rong ly  support  the  zonat ion proposed by Mehnert and 

W i l l g a l l i s .  However, Figure 14 seems t o  j u s t i f y  the  claim tha t ,  considered i n  

a mul t iva r i a t e  framework, zonat ion is real and d i s t i n c t .  

Because the re  are s ix  d i f f e r e n t  maps i n  Figure 14, i t  remains t o  be 

determined which i s  the "best" approximation of the zonation t h a t  a c t u a l l y  

occurs i n  the  sampled populations.  The answer is not  c l e a r  a t  t h i s  time. 

Further  numerical ana lys i s  may ind ica t e  the  answer, bu t  i t  seems more l i k e l y  

t h a t  c r i t i c a l  re-examination of the  outcrops i n  the  f i e l d  i n  the  l i g h t  of 

Figure 14 would throw s i g n i f i c a n t  l i g h t  on the  problem. It is  geologica l ly  

important t o  e l i c i t  more information about the  l e v e l s  of var iance f o r  the  

seve ra l  va r i ab le s  i n  order  t o  permit more - rea l i s t i c  sub jec t ive  ex t r apo la t ion  

of the r e s u l t s  t o  the  t a r g e t  population. Probably a s m a l l  s e l e c t i o n  of the  
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many va r i ab le s  a c t u a l l y  employed (or a few d i f f e r e n t  va r i ab le s )  would be adequate 

t o  def ine  the  zonation; work i s  proceeding t o  i d e n t i f y  such subse ts  of var iab les  

and t o  determine whether the same var iab les  are equal ly  use fu l  i n  mapping the  

i n t e r n a l  v a r i a b i l i t y  of o ther  l i t h i c  u n i t s .  

CONCLUDING STATEMENT 

Considerably more a t t e n t i o n  needs t o  be given t o  t h e  s ign i f i cance  of 

co l l ec t ed  da ta  and t o  the  na ture  of the i n t e r n a l  v a r i a b i l i t y  of g r a n i t i c  plutons 

and other  l i t h i c  u n i t s .  Study of t he  independent sets of analyses  f o r  the  

Malsburg Grani te  suggests t h a t  g r e a t  care  needs t o  be used i n  basing conclusions 

upon any s i n g l e  set of published analyses .  

i n s u f f i c i e n t  i s  known about the  l e v e l s  of var iance of the  severa l  analyzed 

va r i ab le s  and about the  p rec i se  mode of sampling t h a t  was used; as a r e s u l t ,  

genera l iza t ions  about the  s p a t i a l  v a r i a b i l i t y  of a complex become hazardous. 

In  the  absence of much more complete var iance information than is commonly 

In most published s tudies ,  

ava i lab le ,  i t  is commonly d i f f i c u l t  t o  assess the s ign i f i cance  of a t rend 

su r face  i n  terms of the  a c t u a l  s p a t i a l  v a r i a b i l i t y  of t he  whole l i t h i c  un i t .  

Mul t ivar ia te  Q-mode maps, i n  which a l a r g e  number of d i s s i m i l a r  va r i ab le s  

can be considered simultaneously, appear t o  o f f e r  s i g n i f i c a n t  advantages i n  

de f in ing  the  s p a t i a l  v a r i a b i l i t y  of sampled populat ions of g r a n i t i c  plutons 

and o ther  rock bodies.  Because each va r i ab le  included i n  the  ana lys i s  has, i n  

general ,  a d i f f e r e n t  p a t t e r n  and amount of variance,  same var iab les  are 

undoubtedly sampled more appropr ia te ly  than o thers .  In tu i t i ve ly ,  it seems 

reasonable t o  a n t i c i p a t e  t h a t  Q-mode maps based on many var iab les  w i l l  permit 

the  gross  v a r i a b i l i t y  of a sampled population f o r  a l i t h i c  u n i t  t o  be assessed with 

grea te r  confidence than is poss ib le  with monovariate maps. However, i n s u f f i c i e n t  

emphasis is c u r r e n t l y  given t o  t h e  f a c t  t h a t  a l l  such mapping techniques relate t o  

a sampled populat ion whereas, i n  most cases, the geologis t  wishing t o  draw 

pe t rogenet ic  conclusions is  in t e re s t ed  i n  a t a r g e t  populat ion t h a t  is q u i t e  

d i s t i n c t  from the  sampled population f o r  which da ta  happen t o  be ava i l ab le .  
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Unfortunately,  a t  t h i s  time, it is not  known how rep resen ta t ive  the  Malsburg 

Grani te  and i t s  v a r i a b i l i t y  are. The p a t t e r n  of v a r i a b i l i t y  of a g ran i t e  mass needs 

t o  be known with accuracy i n  order  t o  provide sound bases  f o r  q u a n t i t a t i v e  

pe t rogenet ic  models. With cu r ren t  knowledge of the thermodynamic factors underlying 

magmatic and metamorphic c r y s t a l l i z a t i o n  phenomena, i t  w i l l  soon be poss ib le  t o  

develop q u a n t i t a t i v e  computer-based non-linear models f o r  the petrogenesis  and 

three-dimensional compositional v a r i a b i l i t y  of simple g r a n i t i c  masses. 

be unfortunate  i f  such models are ava i l ab le  before  s u f f i c i e n t  is known about 

a c t u a l  g r a n i t i c  complexes t o  tes t  and r e f i n e  the  pe t rogenet ic  pred ic t ions .  

This paper i s  offered as a progress r epor t .  It is hoped t h a t  it w i l l  

It would 

demonstrate t ha t ,  i n  s p i t e  of the  a n a l y t i c a l  technology and a b i l i t y  cu r ren t ly  

a v a i l a b l e  (cf., Baird, e t  al., 1967, Chappell, 1966, Rhodes, 1970), f o r  petrology 

as a whole, t he re  i s  a tremendous l ack  of knowledge about cananonly-measured 

va r i ab le s  of g r a n i t i c  masses. Petrographers commonly f i n d  s ign i f i cance  i n  many 

o ther  t ex tu ra l ,  mineralogical ,  and compositional va r i ab le s  than those discussed 

i n  t h i s  paper -- seve ra l  hundred such va r i ab le s  can be l i s t e d .  It is q u i t e  

poss ib le  t h a t  some unmeasured var iab les ,  i n  add i t ion  t o  (or  i n  place o f )  some, 

o r  a l l ,  of those considered i n  t h i s  paper, might be h ighly  c r i t i c a l  i n  

e s t a b l i s h i n g  an adequate q u a n t i t a t i v e  b a s i s  f o r  t e s t i n g  t h e  accuracy of 

pe t rogenet ic  models. It is important t o  recognize t h a t  adequate desc r ip t ion  of 

a l i t h i c  u n i t  is extremely important but  no t  an  end i n  i t s e l f ;  i t  is  a necessary 

s t e p  i n  e s t a b l i s h i n g  the  v a l i d i t y  of pe t rogenet ic  models. 
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A sequential l inear d i s  
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remotely-sensed data 


